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Abstract 
Biosolids refers to the stabilized sewage sludge produced in wastewater treatment which is 
destined for beneficial purposes as a fertilizer and soil conditioner. In addition to nutrients 
and organic matter, biosolids may contain pathogens including bacteria, viruses, helminths 
and parasites. The current Victorian guidelines to produce T1 treatment grade biosolids 
(unrestricted use) require the sludge to be stored for a minimum of three years after the pan 
drying process to ensure destruction of pathogens. This long term storage is associated with 
problems such as loss of nutrients in biosolids, management costs incurred in maintaining 
stockpiles of sludge and increased greenhouse gas emissions from the stockpiles. This study 
evaluates whether microbiological criteria with respect to viruses can be achieved with a 
shorter treatment time. This data will be provided to regulatory authorities prior to their 
revision of current Victorian guidelines. In this study, adenovirus was chosen as indicator 
pathogen for enteric viruses. Primary objectives of this project include (i) development of 
standard qPCR method for the detection of adenovirus in sewage sludge, (ii) determining the 
treatment time required by adenoviruses to achieve prescribed microbiological criteria 
through laboratory simulation of pan drying and stockpiling processes of sludge collected 
from both metropolitan and regional wastewater treatment systems. (iii) finding the levels of 
human adenovirus 41 (HAdV 41) in metropolitan sludge at different stages of the treatment 
process (output from mesophilic anaerobic digester, drying pans of different ages) and 
regional sludge treatment systems (lagoon sludge) in Victoria, These studies will be used to 
determine whether adenoviruses could serve as better indicator organisms than coliphages in 
biosolids treatment. 
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CHAPTER 1 
Literature Review 
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1. Introduction 
1.1 Pathogens in wastewater 
The pathogenic microorganisms present in domestic wastewater include bacteria, viruses and 
parasites. The major source of these microorganisms in wastewater is faecal material of 
infected individuals (Crockett and Christopher, 2007). Hence, the number and types of  
pathogens present in domestic wastewater largely depend upon disease incidence and 
economic status of the population (Rose and Carnahan, 1992). A list of pathogens that are 
found in wastewater sludge and their associated diseases are given in Table 1.1.  
 
 
 
 
 
 
 
 
 
 
 
- 3 - 
 
Table 1.1 List of pathogenic microorganisms that may be found in sewage sludge and 
their associated diseases (Gerardi and Zimmerman, 2005b; Bitton, 2010; Millner et al., 
1977) 
Group Organism Disease 
Bacteria  
 
Salmonella typhi 
Salmonella paratyphi 
Non typhoid Salmonella spp  
Typhoid,  
Paratyphoid, 
Salmonellosis 
 Shigella spp Dysentery 
 Enteropathogenic E.coli 
Enterohaemorrhagic E.coli  
Gastroenteritis 
Viruses Adenovirus Gastroenteritis, respiratory 
disease, conjunctivitis  
 Astrovirus Gastroenteritis 
 Calcivirus Gastroenteritis 
 Coronavirus Gastroenteritis 
 Picoronaviruses  
 (1) Poliovirus Poliomyelitis 
 (2) Coxsackie A Meningitis, respiratory 
diseases 
 (3) Coxsackie B Pleurodynia, congenital 
heart disease, febrile illness 
with rash 
 (4) Echovirus Meningitis, respiratory 
disease, gastroenteritis,  
 (5) Enterovirus 68-71 Respiratory illness, 
gastroenteritis, meningitis, 
acute conjunctivitis 
 Hepatitis A virus Infectious hepatitis 
 Norwalk virus Gastroenteritis 
Protozoa Cryptosporidium Gastroenteritis 
 Entamoeba histolytica Amoebic dysentery 
 Giardia lamblia Acute and Chronic 
gastroenteritis 
Helminths Ascaris lumbricoides Ascarisis 
 
 
Fungi 
Taenia spp 
 
Aspergillus fumigatus 
Taeniasis 
 
Respiratory infection 
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Bacteria 
The most common pathogenic bacteria found in wastewater are inhabitants of human 
gastrointestinal (GI) tract (Gerardi and Zimmerman, 2005a). These bacteria are well adapted 
to gastrointestinal conditions such as high organic content and mesophilic temperature (37 
⁰C). In wastewater, these organisms experience a different environment where they compete 
for nutrients along with indigenous microorganisms. Hence their survival and ability to 
reproduce is limited in wastewater (Asano, 1986). Human faecal material consists of 
approximately 10
12
 bacteria per gram (Bitton, 2010). The majority of bacteria found in faeces 
are non-pathogenic in nature; however, faeces of infected individuals have high numbers of 
pathogenic bacteria, which find their way into wastewater, e.g. faeces of patients infected 
with Shigella spp contain 10
9
 shigella per gram (Bitton, 2010).  
Viruses 
Unlike bacteria, viruses are typically not found in human faeces. However, they are 
found in high numbers in faeces of infected individuals; for example, the  number of rotavirus 
is about 10
12
 per gram of faeces of an infected individual (Mena and Gerba, 2009). More than 
140 different types of viruses have been isolated from wastewater (Gantzer et al., 1998). The 
high diversity of enteric viruses in wastewater necessitates health risk assessment (Simmons 
et al., 2011) since most of them are associated with respiratory illness, acute gastroenteritis, 
conjunctivitis and diarrhoea (Mena and Gerba, 2009). The potential for wastewater to 
transmit enteric viruses depends on both prevalence of human infection in specific 
geographical area and the ability of viruses to survive outside the host (Rzeżutka and Cook, 
2004). The infectious dose of enteric viruses is very low, ranging from 10-100 infectious 
units (Senior and Dege, 2008). 
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Parasites 
Parasites that are pathogenic to humans belong to two groups; helminths and protozoa. 
Helminths include nematodes (roundworms), trematodes (flukes) and cestodes (tapeworms). 
Intestinal helminths that reside in GI tract are major sources of intestinal diseases throughout 
world (Bitton, 2010). Protozoa are single celled organisms that have two stages in their life 
cycle; the vegetative trophozoite and the resting cyst. The resting cyst is usually resistant to 
inactivation in wastewater treatment processes (Robertson et al., 1992; Smith, 1992). The 
protozoa of most concern in wastewater are Cryptosporidium and Giardia. The number  of 
these organisms in faeces of an infected individual is 10
6
-10
7
 per gram (Robertson et al., 
1992).  
Despite advances in wastewater treatment in the recent past, the mechanism of decay of these 
pathogens in wastewater is not completely understood. 
1.2 Wastewater treatment 
 The aim of wastewater treatment is to protect public health by converting the waste 
materials present in raw sewage to stable oxidised end products that can be safely disposed or 
used beneficially. Raw sewage consists of 99.9% of water and 0.1% of solids (Filipe and 
Grady, 1998). Wastewater treatment primarily aims at separating 0.1% of solids present in 
raw sewage and treating solids and wastewater individually. Solids that are present in 
wastewater include organic (proteins, carbohydrates, fat) and inorganic substances (grit, salt, 
metals) (Henze, 2002).   
The composition of wastewater varies with geographical area (Arthurson, 2008) as it 
depends on various factors including per capital water usage, diet and incidence of disease. 
The composition of sewage in United States of America (USA) and United Kingdom (UK) 
varies mainly due to the difference in water consumption and it is shown in Table 1.2.  
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Table 1.2 Composition of raw sewage in US and UK (Gray, 2010) 
Parameter USA (mgL
-1
) UK (mgL
-1
) 
pH 7 7 
BOD 250 350 
COD 500 700 
Suspended solids 250 400 
Nitrogen 
(Ammonia) 
30 40 
Total Phosphorus 10 15 
*BOD- Biological Oxygen Demand 
*COD- Chemical Oxygen Demand 
 
The sequence of operations in a metropolitan wastewater treatment plant is  
I. Preliminary treatment 
II. Primary treatment 
III. Secondary treatment 
IV. Tertiary treatment 
V. Sludge treatment 
1.2.1 Preliminary treatment 
In preliminary treatment, the wastewater moves in a perpendicular direction across an array 
of bars or screens and the debris in the wastewater is collected on the bars or screens (Forster, 
2003). The debris from the bars is periodically removed manually (small plants) or 
automatically (medium and large plants). The wastewater is then pumped up to grit chambers 
where sand and other heavy particulate matter settles down and is removed. If grit is not 
removed in preliminary treatment, it causes abrasive wear and clogs the sludge pumps during 
primary treatment.  
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1.2.2 Primary treatment 
Primary treatment involves gravitational settling of settleable or suspended solids in a 
primary clarifier. 30% of BOD and 70% of settleable solids are recovered at the end of 
primary treatment (Forster, 2003). Wastewater from grit chambers moves over a baffle that 
directs to a primary clarifier. Primary clarifiers consist of rectangular or circular tanks where 
settleable solids are scraped by a hopper and smaller solids, along with water, enter a 
secondary clarifier (Spellman and Frank, 2003). The solids obtained in the primary clarifier 
are known as primary sludge. Sludge pumps draw sludge from primary clarifiers at regular 
intervals. The primary sludge,  contains high numbers of pathogen (Spinosa and Vesilind, 
2001).  
1.2.3 Secondary treatment 
Secondary treatment aims at reducing BOD of the wastewater after primary treatment. This is 
achieved using biomass consisting of bacteria and protozoa that consume organic matter and 
hence reduce BOD of the wastewater (Filipe and Gardy, 1998). To support the growth of 
these microorganisms, operations employed in secondary treatment make use of aeration 
systems. Depending on the method of attachment of biomass in the system, secondary 
treatment is classified as fixed or suspended. Various operations are used to serve this 
purpose such as trickling filters, Rotational Biological Contactor (RBC), biotowers and 
Activated Sludge process (Vesilind, 2003) (shown in Fig. 1.1). In fixed growth secondary 
treatment, biomass is attached to fixed supporting media.                    
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Fig. 1.1 Classification of secondary treatment 
Activated sludge process (ASP) is the most commonly used process in suspended growth 
secondary treatment. ASP is a two step process that occurs in aeration tanks followed by a 
secondary clarifier (Forster, 2003). Wastewater from the primary clarifier enters an aerated 
basin consisting of bacteria and protozoa. Bacteria utilize the organics and reduce BOD of the 
system,  while protozoa rely on ingesting bacteria for their energy production. Hence with the 
help of air and organics, the microbial population in the system constantly increases 
(Vesilind, 2003). Mixed liquor (microorganisms and BOD reduced wastewater) is tranferred 
to secondary clarifer where biological floc settles by gravity and wastewater is processed for 
tertiary treatment. The solids collected at the end of this process are called waste activated 
sludge (WAS). 
1.2.4 Tertiary treatment 
Tertiary treatment aims at inactivation of pathogens such as enteric viruses, pathogenic 
bacteria and protozoa in wastewater that is left after removal of solids. Chlorination and 
ultraviolet disinfection are some of the processes used in tertiary treatment. Chlorination is 
most economic process that involves 8-15 mg L
-1
 of chlorine with minimum contact time of 
30 minutes (Black and Corporation, 2010). Ultraviolet rays of wavelength 200-300 nm 
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remove pathogens by inhibiting the reproduction of microorganisms (Black and Corporation, 
2010); however, viruses, Giardia lamblia and Cryptosporidium spp are reactivated after UV 
disinfection and some bacteria are capable of DNA repair in the presence of sunlight after 
UV disinfection.  
1.2.5 Stabilization ponds 
In regional treatment plants, following the preliminary treatment, stabilization ponds or 
lagoons (series of ponds) are employed. These stabilization ponds may be facultative, tertiary 
or aerated. Facultative ponds are the most widely used stabilization ponds. In facultative 
ponds, the organic material is utilized by bacteria in the presence of air and converts it into 
nitrogen, phosphorous, CO2 and nutrients (Sperling, 2007). CO2 is utilized by algae in the 
presence of sunlight and dissolved oxygen is released by them. This dissolved oxygen is used 
by bacteria, hence closing the symbiotic cycle in the ponds (Mara et al., 1999). Settleable 
solids of wastewater decompose under anaerobic conditions and yield inorganic nutrients. 
These ponds are completely anaerobic under cold conditions (< 10 °C) and hence they 
produce highly odorous compounds under these conditions (Sperling, 2007).  
 
Fig. 1.2 Facultative ponds (Wastewater Engineering, 2006) 
In aerated ponds or lagoons, aerators are fixed to mix the bacterial population with 
wastewater, facilitating the removal of BOD in wastewater. Tertiary ponds are maturation 
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ponds or polishing ponds. Wastewater from facultative ponds or aerated lagoons reaches 
maturation ponds with a retention period of 15-30 days in these ponds (Mcneill and Bradley, 
2003).  
1.2.6 Sludge treatment  
For land application of sludge produced in wastewater treatment, the odour and the number 
of pathogens present in the sludge have to be reduced (NRC, 2002). The common methods of 
sludge treatment include thickening, digestion and dewatering (belt press), composting, 
pasteurization, pan drying. The stabilized sludge that has undergone treatment is termed as 
biosolids. The most common practices in sludge treatment includes  
(1) Primary thickening 
(2) Digestion-liquid stabilization 
(3) Dewatering 
(4) Final Treatment 
1.2.6.a Thickening 
Thickening is a process designed to increase the solid content of the sludge and thereby 
facilitate the digestion process (McFarland, 2001). The sludge collected at the end of primary 
treatment and from trickling filters is thickened by gravity settling. Circular settling tanks 
with scraper arms are employed (Spinosa and Vesilind, 2001). The non settleable fraction is 
returned for reprocessing. The thickened sludge is next sent to a digester for further 
processing.  
1.2.6.b Sludge digestion 
The sludge obtained from thickeners is digested either by aerobic or anaerobic processes. 
Digestion aims at converting highly odorous sludge to inert material that can be dewatered.  
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Aerobic digestion: 
In aerobic digestion, sludge obtained from the activated sludge process without primary 
clarifiers is used. The low solid concentration in this sludge makes it difficult to process 
through anaerobic digestion (Vesilind, 2003). Aerobic digesters consist of single or multiple 
tanks equipped with diffused aerators. Bacteria in the presence of air (provided by aerators) 
utilize sludge by endogenous respiration (Epstein, 2010). In this process, the digester is 
continuously aerated and this increases the cost of operation.  
Mesophilic anaerobic digestion:  
Mesophilic anaerobic digestion (MAD) is a two-step anaerobic process at an operating 
temperature of 35-37 ⁰C (Hobson and Wheatley, 1994). The organic material (fat, 
carbohydrates and proteins) in the sludge is converted to organic acids by acidogenic bacteria 
(shown in Fig. 1.3).  This alters the pH of the sludge. Methanogenic bacteria present in sludge 
utilize these organic acids under pH 6-7 and convert acids to methane and CO2 (Hung et al., 
2007). The detention time of the sludge is usually 10-15 days.  
 
Fig 1.3 Mechanism of Anaerobic digestion (Hung et al., 2007) 
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1.2.6.c Sludge dewatering 
Centrifuges (39%) and belt press (24%) are the common dewatering processes in Australia 
(ANZBP, 2012). In Fig. 1.4, the most commonly practised dewatering processes in Australia 
are shown. Belt presses are commonly used to dewater sludge and hence improve dry solids 
content. A belt press consists of two porous belts that pass over rollers to squeeze water out 
of sludge (Andreoli et al., 2007). Polymer solution is added to flocculate solids in the sludge. 
Water from the sludge drains through porous belts whereas sludge gets compressed between 
two belts.  
 
 Fig. 1.4 Dewatering processes in Australia (ANZBP, 2012) 
1.2.6.d Sludge- final treatment 
Composting 
Composting refers to digesting organic matter of the sludge, reducing the size and volume of 
sludge and hence achieving microbial safety (Baily, 2009). In this process, the sludge 
particles are aerated and mixed in an enclosed vessel. The temperature rises to 40-80 ⁰C for 
15 days and the moisture content of the mixture is around 60 % (Andreoli et al., 2007). 
Composting requires dewatered cakes that are mixed with dried manure or straw to reduce 
unit weight and increase air voids. The ratio of carbon to nitrogen (C/N)  in composted sludge 
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plays a vital role in this process. A C/N ratio of 30 can produce more stable composted sludge 
than composted sludge of C/N ratio of 15, 20, 25 for 30 days (Ashish & Ajay., 2013).  
Pan drying and stockpiling 
Open air drying of anaerobically digested sludge has been a common practice in Victoria. 
Drying beds consists of sand and gravel or concrete (Hung et al., 2007). The digested sludge 
is left for a year in drying beds to achieve complete inactivation of pathogens. Drying beds 
(23%) are among the more economical dewatering practices in Australia (ANZBP, 2012). 
There are numbers of factors that are taken into account for the design of drying beds such as 
humidity, wind velocity, frequency of sludge application, and quality of stabilized product 
from digestor, temperature and rainfall (Hung et al., 2007).  
1.3 Application of biosolids 
The term biosolids refers to the stabilized sewage sludge produced in the sludge 
treatment which is destined for beneficial purposes. The major composition of biosolids 
include macronutrients like nitrogen, potassium, phosphorous, sulphur; micronutrients like 
copper, zinc, calcium, magnesium, iron, manganese; synthetic organic compounds and metals 
like arsenic, cadmium, lead, mercury; pathogens including bacteria, viruses, parasites (NRC, 
2002); The aim of the sludge treatment is to reduce the levels of synthetic organic 
compounds, metals and pathogens to safer levels.  
Recycling biosolids in farmlands is an environmentally practical alternative to 
discharging them to sea (McFarland, 2001). Recycling of biosolids to agricultural land makes 
use of macronutrients and micronutrients which can then be recycled back to farmlands. This 
helps in completion of the nutrient cycle (Epstein, 2010). Biosolids find its application as 
fertilizers, soil conditioners and land fill (Spinosa and Vesilind, 2001). Biosolids are 
considered as slow release nitrogen fertilizers (Selivanovskaya et al., 2010; Girovich, 1996). 
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They increase water holding capacity of the soil and improve the soil texture  (Hung et al., 
2007; McFarland, 2001; NRC, 2002). However, the nutrient content of biosolids depends on 
the influent raw sewage, treatment process and sludge management strategies (Sommers, 
1977). Other uses of biosolids are geotechnical reuse in roadway and embankments 
(Arulrajah et al., 2012). Land application of biosolids increased the dynamics of soil organic 
matter content (Chiu and Tian, 2011). Long term application of biosolids to the soil increases 
its stability (Chiu and Tian, 2011). In pine plantations, a study in New Zealand showed 
improved growth response on application of biosolids (Kimberley et al., 2004). Apart from 
these values, every tonne of biosolids utilized in agriculture can reduce around two tonnes of 
CO2 emissions and thus help in reducing greenhouse gas emissions in the atmosphere 
(ANZBP, 2012). 
1.3.1 Financial Value of biosolids 
Based on the treatment process and quality of the sewer load, the nitrogen and 
phosphorous content in biosolids varies from treatment plant to treatment plant. The average 
nitrogen content in biosolids is 4% with a potential value of $49/tonne (shown in Table 1.3) 
and phosphorous content is 2.5% with a potential value of $102/tonne (shown in Table 1.3) 
of biosolids (ANZBP, 2012). Apart from nitrogen and phosphorous content, the organic 
matter in biosolids through anaerobic digestion produces energy in the form of methane. The 
current value of the energy generated through biosolids is estimated as $100 per tonne 
(shown in Table 1.3). Apart from these, micro nutrients and inorganic matter are other 
valuable elements in biosolids.  
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Table 1.3 Product value of biosolids (ANZBP, 2012) 
Characteristic Description Current value 
$/tonne 
Future Value 
$/tonne 
Value based on 
Macro nutrients Nitrogen 
Phosphorous 
49 
100 
120 
400 
Phosphorous 
and Nitrogen 
content 
Organic matter Volatile solids 100-150 210-300 Electricity 
generated 
relative to coal 
Inorganic matter Non-volatile 
solids 
2-4 5-10 Clay 
replacement 
Micro nutrients Copper, Zinc 13 Not estimated Copper and Zinc 
 
Australia produces 300,000 tonnes of biosolids in a year (ANZBP, 2012). If the 
potential value of biosolids is around $100 per tonne, Australia generates $30 million per 
year through biosolids. The costs involved in transporting biosolids, spreading and 
incorporation into soil is around $300 per tonne. With the current value of biosolids as $100 
per tonne, this implies that costs involved in transportation ($300) exceed its total value. 
However, with the global depletion of phosphate reserves, increase in oil prices, dependence 
of non-renewable reserves, the value of biosolids is expected to rise in future. In 10-15 years, 
the value of biosolids is predicted as $300 per tonne (ANZBP, 2012).  
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1.3.2 Biosolids-production and use in Australia 
The end use markets for biosolids as described by Australian New Zealand Biosolids 
Partnership (ANZBP) includes  
(i) Agriculture (fertilizer supplement for pasture lands and cereal cropping),  
(ii) Composting (urban landscaping and horticulture),  
(iii) Landfill (remediation of degraded soils),  
(iv) Forestry (fertilizer supplement for pine plantations),  
(v) Stockpile, 
(vi) Unspecified use.  
 
In Fig. 1.5, it is clearly shown that Agriculture (55%) and Stockpiling (23%) are major end 
use markets for Biosolids in Australia.  
 
Fig. 1.5 Biosolids end use in Australia (ANZBP, 2012) 
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Table 1.4: Production and end use of biosolids in Australia (ANZBP, 2010) 
 
State 
Tonnes 
per year 
(dry) 
produced 
 
AGRICULTURE 
BIOSOLIDS 
COMPOSTING 
END USE 
LANDFILL 
 
STOCKPILE 
 
SEA 
 
UNSPECIFIED 
VIC 93,466 23% 3% - 73% - 1% 
NSW 72,148 55% 20% 1% - 5% 19% 
QLD 68,009 90% - 8% - - 2% 
WA 24,719 54% 18% 10% - - 14% 
(FORESTRY) 
SA 23,900 92% 8% - - - - 
ACT 12,410 55% 20% 1% - 5% 19% 
TAS 8059 31% 19% 39% 8% - 3% 
NT 1095 54% 18% 10% - - 14% 
(FORESTRY) 
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In Table 1.4, production and utilization of biosolids in different states in Australia is 
shown. In Queensland, New South Wales and Western Australia, biosolids are predominantly 
used in agriculture (NSW-55%; QLD-90%, WA-54%). Among states in Australia, Victoria 
produces a maximum of 93,466 tonnes of biosolids in a year (shown in Table 1.4). However 
73% of the biosolids ends up in stockpiles in Victoria. None of the states in Australia dispose 
biosolids as stockpiles except for Victoria and Tasmania (shown in Table 1.4). It is 
interesting to note that Victoria contributes to majority of 23% of biosolids that end up in 
stockpiles in Australia (Fig. 1.5). Stockpiles undermine the potential resource hidden in 
biosolids. Hence the water companies are anxious to improve their treatment options to use 
biosolids in agriculture.   
1.3.3 Classification of biosolids in Australia 
Table 1.5 Biosolids grading in Australia and New Zealand based on stabilization grade 
Classification NSW VIC SA QLD TAS WA NZ 
A A T1,T2 A A A P1,P2 A 
B B T3 B B B P3 B 
C C unstabilized unstabilized C C P4 unstabilized 
A-Unrestricted use; B- Restricted use; C- Landfill  
The biosolids are classified based on their stabilization process in different names 
across states in Australia as shown in Table 1.5. Grade A refers to unrestricted use of 
biosolids while Grade B refers to restricted use of biosolids in land application. Grade C is 
often disposed as landfill and is associated with high odour complaints. Grade A, B and C are 
listed as P1, P2 and P3 in national guidelines for biosolids management (NWQMRS, 2004). 
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Clearly, each of the states follow different grading systems and the major review on current 
guidelines practised in Australia stated that it is important to follow consistency in grading 
across the states in Australia (ANZBP, 2012).  
1.3.4 Regulation of biosolids in Australia 
In 2004, National Water Quality Management Strategy, Australia recognized the risk 
incurred to the population through exposure to microbial contaminants in biosolids. The 
pathogens such as bacteria, viruses, protozoa and helminths are of particular concern. Based 
on “Risk associated with pathogens in composted biosolids”, USEPA (1992)  and “A Guide 
to the Biosolids Risk assessments” for the EPA part 503 Rule (1999), microbiological criteria 
and approved process are listed for classification of P1 grade (unrestricted grade) of 
biosolids. 
The approved processes include  
I. Composting in-vessel method (≥55 ˚C, 3 days),  
II. Composting windrow method (≥55 ˚C, 15 days),  
III. Heating and drying (>80 ˚C, 90% dw), 
IV.  pH and heating ( pH-12, >52˚C, 3 days), 
V.  Long term storage (digested, dewatered to >10% dw, 3 years).  
A list of stabilization processes followed in Australia is shown in Fig. 1.6. Anaerobic and 
aerobic digestion processes are most followed stabilization process in Australia (shown in 
Fig. 1.6). However these processes are not listed as approved processes to achieve P1 grade 
of biosolids. On the other hand, composting (0.3%), which is least practised stabilization 
method in Australia (shown in Fig. 1.6), is listed as an approved process to achieve P1 grade 
biosolids. These approved processes have been verified to achieve microbiologically safe 
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biosolids. The microbiological criterion provides an indicator of performance for the 
approved processes.  
 
Fig. 1.6 Stabilization processes in Australia 
Table 1.6 shows the microbiological criteria that the approved processes must meet to 
produce safe biosolids. For approved process, the final product should meet the 
microbiological criteria for E.coli and Salmonella. Testing for enteric viruses and Ascaris spp 
is mandatory only for biosolids that are produced by processes other than approved ones.  
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Table 1.6 Microbiological criteria for the stabilization grades as described in National 
Water Quality Management Strategy (2004) 
Indicator organism  Grade Prescribed Microbiological 
Criteria 
E. coli P1 <100 per g 
 P2 <1,000 per g 
 P3 <2,000,000 per g 
Salmonella spp P1 <1 per 50 g 
 P2 <10 per 50 g 
Enteric viruses P1 <1 in 100 g 
Ascaris spp P1 100% egg inactivation 
 
1.3.5 Regulation of Biosolids use in Victoria 
The stabilization processes described earlier are referred as treatment process in Victorian 
guidelines. Based on treatment, biosolids are classified as T1, T2 or T3 (EPA VIC, 2004).  
The treatment processes to achieve T1 grade biosolids are similar to the ones described in the 
national guidelines (section 1.3.4). However, the process such as mesophilic anaerobic 
digestion followed by drying pan, most common practice in Victoria, is not listed as an 
approved process.  
For these alternative processes, the microbiological criteria to achieve T1 grade includes  
 >three log10 reduction of enteric viruses 
 >two log10 reduction of Ascaris ova  
 <1 Salmonella spp/50 g (dw) 
 <100 E.coli MPN/g (dw) 
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The biosolids produced through alternative processes, that fail to achieve these 
microbiological criteria, is stockpiled for 3 years. This three years storage is meant to achieve 
the prescribed microbiological criteria.   
1.3.6 Problems associated with long term storage of Biosolids 
In Victoria, 76% of biosolids produced is of Grade A quality that can be used for land 
application (Fig. 1.7). This is mainly due to the practice of air drying of biosolids for one year 
followed by high level of stockpiling of biosolids for three years (specified in the regulations) 
to achieve Grade A.  This long term storage is sufficient to achieve the prescribed 
microbiological criteria (Section 1.3.5). However, long term storage of biosolids is also 
associated with major problems.  
 
Fig. 1.7 Biosolids stabilization grade in Victoria 
 (1) Loss of Nutrients 
Long term storage of biosolids may lead to potential loss of nutrients in the final product. 
Biosolids that are stockpiled for 20-36 months provided less total N to the soil than the ones 
recovered from early pans (Rouch et al., 2011). This long term storage of biosolids limits the 
nutrient availability and hence compromises with the resource recovery of the product. This 
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study has emphasized on the need of reducing the storage period of biosolids to improve N 
value in the final product.   
 (2) Management cost 
The management cost involved in stockpiling biosolids is estimated as $60 per tonne (SWF, 
2012).  This implies $6.17 million per year, ($18.52 million per 3 years) is spent on 
stockpiling of biosolids. Apart from management costs, there are also capacity issues in 
maintaining huge stockpiles over three years. 
(3) Greenhouse gas emissions 
Table 1.7- Greenhouse gas emissions in biosolids (ANZBP, 2012) 
Source Processing Stage Greenhouse gas  Type of emission 
Stockpiles of 
dewatered biosolids 
Storage CH4, N2O Direct 
Anaerobic lagoons 
(including storage 
and drying) 
Storage CH4 Direct 
Aerated lagoons 
(electricity used for 
mixers and blowers) 
Storage CO2 Indirect 
 
Stockpiling of biosolids is also involved in direct emission of greenhouse gases 
(GHG) such as methane (CH4) and nitrous oxide (N2O) (shown in Table 1.7). The current 
estimate of Carbon tax in Australia is around $23 per tonne of CO2 emission. It is estimated 
that stockpiling of biosolids can incur additional costs of $250,000 in a year due to GHG 
emissions (Hutton et al., 2011). 
It is therefore essential to find if prescribed microbial safety can be achieved within 
three years and hence maximise sustainable benefits of biosolids. The main aim of this study 
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is to find if microbial safety with respect to enteric viruses can be achieved within three years 
of stockpiling.  
1.4 Removal of viruses in wastewater treatment and sludge treatment 
Viruses commonly found in wastewater include human Enterovirus, Echovirus, 
Coxsackievirus, Hepatitis A Virus, Human Adenovirus, Norovirus, Calcivirus, Reovirus, 
Rotavirus, Astrovirus (Simmons and Xagoraraki, 2011). The major route of infection for 
these viruses is the faecal oral route. Hence it is important to understand the extent of risk 
these pathogens pose while being in sludge. The characteristics of some of the enteric viruses 
are listed in Table 1.8. 
Table 1.8- Characteristics of enteric viruses (Mahy, 2010) 
Virus Family Nucleic 
acid 
Type 
Envelope Symmetry Size of 
virion 
(nm) 
Genome 
(kb) 
Adenovirus Adenoviridae dsDNA N Icosahedral 70-90 28-45 
Astrovirus Astroviridae ssRNA N Icosahedral 28-30 7-8 
Norovirus Calciviridae ssRNA N Icosahedral 28-35 7.4-7.7 
Sapovirus Calciviridae ssRNA N Icosahedral 28-35 7.4-7.7 
Rotavirus Rotaviridae dsRNA N Icosahedral 60-80 16-27 
Enterovirus Picornaviridae ssRNA N Icosahedral 28-30 7.2-8.4 
Coronavirus Coronaviridae ssRNA Y Helical 80-220 20-30 
Hepatitis A Picornaviridae ssRNA N Icosahedral 27-32 7.5 
*ds- double stranded, ss- single stranded, N- non-enveloped, Y-enveloped. 
Rotavirus and Adenovirus are the largest virions (60-90nm) among most other enteric 
viruses (Table1.8) and are considered as most important pathogens among enteric viruses to 
cause acute gastroenteritis in children (Akan et al., 1986; Basu et al., 2003; Kidd et al., 1986; 
Fletcher et al., 2013).  
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1.5 Indicator organism  
It is practically not possible to monitor the levels of every microorganism in sludge to 
ensure public health safety. Hence, an indicator pathogen or the representative pathogen that 
acts as surrogate pathogen for a group of microorganisms is chosen.  
The criteria for selection of indicator microorganism is given (WERF, 2009) as follows 
(1) Found in different geographical areas and represent a range of pathogens potentially 
present.  
(2) Similar factors affecting their die off in the treatment processes.  
(3) Minimal seasonal variation in the levels of indicator organism 
(4) Survives for adequate time in required matrices to determine its removal rate 
(5) Reliable and reproducible methods of detection of indicator organism.  
1.5.1 Adenovirus as indicator organism 
Adenovirus acts as a conservative indicator for enteric viruses in biosolids due to its 
high availability in raw wastewater throughout the world (Table 1.11), minimal seasonal 
variation, high survival rate in activated processes and reliable methods of detection (WERF, 
2009). Apart from these reasons, the viability of non-enveloped. DNA viruses in the sludge 
environment is much greater than easily degradable RNA viruses (WERF, 2009). Also, the 
levels of Adenovirus in wastewater treatment and sludge treatment are higher than levels of 
bacteriophages and other enteric viruses (Wong et al., 2010; Katayama et al., 2008a). For 
these reasons, Adenovirus was chosen as indicator organism for this study.   
 The term “adeno” in adenovirus was named as they were first found in patients with 
predominant infections in “adenoid” tissue (Rowe et al., 1953). Adenovirus belongs to the 
family Adenoviridae and are classified into two major genera 
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(i) Mastadenoviridae (host-mammals) 
(ii) Aviadenoviridae (host-birds) 
Human adenovirus (host-human) belongs to Mastadenoviridae and is sub divided into 6 
major sub groups consisting of 6 major serotypes (Sarantis et al., 2004).   
Table 1.9 Serotypes of Human Adenovirus and their associated diseases (Schwab, 2007) 
        Subgroup          Serotype Associated disease 
            A 12,18,31 Respiratory disease 
            B 3,7,11,14,16,21,34,35,50, Respiratory disease, 
Conjunctivitis 
            C 1,2,5,6,57 Respiratory disease 
            D 8, 9, 10, 13, 15, 17, 19, 20, 
22, 23, 24, 25, 26, 27, 28, 29, 
30, 32, 33, 36, 37, 38, 39, 42, 
43, 44, 45, 46, 47, 48, 49, 51. 
Conjunctivitis 
            E 4 Respiratory disease 
            F 40,41 Gastroenteritis 
 
The Majority of serotypes are associated with respiratory disease and conjunctivitis (shown in 
Table 1.9). However, subgroup F is associated with gastroenteritis which is of our interest. 
1.5.2 Structure and Genetic Organization 
Among enteric viruses, adenoviruses are the only ds DNA viruses (Table1.10). Their virion is 
of 70-90 nm in size, non-enveloped and shows icosahedral symmetry. The capsid of 
adenovirus consists of 240 non vertex capsomers known as hexons and 12 vertex capsomers 
known as pentons (Nemerow et al., 2012). The hexon base consists of triangular top and 
pseudohexogonal bases. These pseudohexogonal bases are tightly packed together to protect 
the inner cavity of the virus (Russell, 2009; Wohl, 2007). Each penton consists of a base and 
a fiber. Fiber is used for penetration of viruses into host tissues. Functions of proteins present 
in the adenovirus capsid are given in Table 1.10. Among serotypes, Human adenoviruses 40 
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and 41 have fibers of alternative lengths that arise from vertices (Seiradake and Cusack, 
2005).  
Table 1.10 Structure and function of proteins in adenovirus capsid (Russell, 2009, Wohl, 
2007) 
Name of the 
protein 
Location Its function 
II Hexon Monomer Structural 
III Penton base Penetration 
IIIa Penton base Penetration 
IV Fibre Receptor binding- haemagglutination 
V Core Transport of viral DNA to infected cell 
VI Hexon minor polypeptide Stabilization 
VII Core Histone like 
VIII Hexon minor polypeptide Transcriptional activator 
IX Hexon minor polypeptide Transcriptional activator 
The function of each of the proteins is described in Table 1.10. The genome of adenovirus 
consists of single, linear molecule of ds DNA with an inverted terminal region (ITR) (Wohl, 
2007). This ITR region plays an important role in integration of viral DNA to a host genome. 
The DNA replication of adenovirus occurs in the nucleus and is facilitated by number of 
proteins in the virion (Russell, 2009) including: 
(i) Protease gene that helps in processing of other precursor proteins. 
(ii) Early regions E1a, E1b, E2, E3 and E4 that plays significant role in modulation of 
host cells transcriptional machinery. 
The levels of enteric viruses in untreated sewage sludge in different seasons in US are shown 
in Table 1.11. 
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Table 1.11 Levels of enteric viruses in untreated sewage sludge in US (Collective data 
from WERF, 2011) 
Location Season Somatic 
Coliphages 
log 10 
(PFU/g ds) 
Male Specific 
MS Coliphage 
log10 
(PFU/g ds) 
Enteric 
viruses 
log10 
(PFU/g ds) 
Adenovirus 
log10 
(GEC/g ds) 
Illinois (US) Fall 7.789 5.342 1.410 7.642 
Spring 5.270 4.320 BD BD 
Ohio (US) Fall 5.370 3.888 1.953 7.690 
Spring 4.075 4.067 BD 6.369 
Georgia 
(US) 
Fall 6.194 5.357 CT 6.316 
Spring 4.345 4.788 BD 8.391 
Texas (US) Fall 7.847 6.880 1.801 6.571 
Spring 5.170 5.240 BD 7.200 
Wisconsin 
(US) 
Fall 7.337 5.733 2.359 6.837 
Spring 4.428 4.977 BD 6.834 
California 
(US) 
Fall 6.338 2.017 2.328 7.634 
Spring 4.558 4.521 BD 7.640 
Dist of 
Columbia 
(US) 
Fall 5.636 4.733 CT 7.867 
Spring 4.012 4.330 BD 7.873 
*BD- below detection limits              *CT-cytotoxicity observed 
*PFU- Plaque forming unit ; GEC- Genomic Equivalent Copies 
  Among viruses, levels of Adenovirus (7 Log10/g DS) were significantly higher than 
somatic coliphages (5-6 Log10/g DS) and Male Specific (MS) Coliphage (4-5 Log10/g DS). It 
was observed that levels of adenovirus were consistently high in both seasons in various 
geographical areas. However the levels of somatic coliphages and male specific MS 
coliphages were high during fall compared to spring. It is also interesting to note the 
significant difference in levels of enteric viruses (detected using plaque assay) and levels of 
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adenovirus (detected using PCR). Plaque assay detects the infectious viruses while PCR 
detects both infectious and non-infectious virions (Gallagher and Margolin, 2007). However, 
Plaque assay depends on ability of viruses to produce plaque on certain cell lines and 
competition among other fast growing viruses in the sample (Gallagher and Margolin, 2007). 
The levels of enteric viruses in different stages of wastewater treatment (primary and 
secondary) were higher in Australia than UK (WERF, 2009). This may be due to variety of 
factors including incidence of disease in the population (Arthurson, 2009).  
The levels of enteric viruses in biosolids samples in Australia are shown in table 1.12. 
It is observed that levels of adenoviruses (6-7 log10/g DS) are higher compared to 
bacteriophages (3-5 Log10/g DS). However, the treatment stage at which samples were taken 
is not mentioned in this data. 
Table 1.12- Levels of enteric viruses in biosolids in Australia (WERF, 2009) 
Virus South 
Australia 
(copies/g DS) 
ACT 
(copies/g DS) 
Brisbane 
(copies/g DS) 
Cairns 
(copies/g DS) 
Adenovirus 10
5 
10
7 
10
6 
10
7 
F-Specific 
phage 
ND 10
4 
10
5 
10
3 
*ND- Not detected even after sampling twice on different dates. 
It is evident from Table 1.10 and 1.11 that the levels of adenoviruses were 
significantly higher than bacteriophages and other enteric viruses in different stages of 
wastewater treatment. It is also evident that the levels of these pathogens vary in each 
geographical area. Hence, it is important to find the levels of these enteric viruses in 
Victorian sludge treatment processes.  
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The removal rate of enteric viruses in sludge digestion is shown in Table 1.13. 
Removal rate of F-Specific phage is higher than removal rate of adenovirus in both laboratory 
and field experiments (shown in Table 1.13). There is significant difference in the removal 
rates of F-specific phage in field and laboratory experiments.  
Table 1.13 Removal rates of enteric viruses in digestion process (WERF, 2009) 
Treatment Log Reduction of 
Adenovirus 
Log Reduction of F-
Specific phage 
Lab Scale   
Anaerobic digestion 0.95 >6.21 
Aerobic digestion 1.83 >5 
Large Scale   
Anaerobic digestion 0.84 1.61 
Aerobic digestion 0.54 0.98 
 
However, there is no data available on removal rate of these pathogens in pan drying and 
stockpiling processes (both field and laboratory experiments). It is also important to note that 
there is no data available on removal of enteric viruses in regional sludge treatment (lagoon 
systems) processes.  
1.6 Aim of this study 
This study aims at finding if microbial safety in biosolids could be achieved within three 
years of stockpiling and thereby overcoming the problems associated in long term storage of 
biosolids (Listed in section 1.3.5). This data will be provided to regulatory authorities to 
assist decisions in revision of current Victorian guidelines. 
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 This is achieved by  
(1) Development of standard qPCR method for the detection of indicator enteric viruses 
in sewage sludge. 
(2) Determine the treatment time required by viruses to undergo prescribed three log10 
reductions through simulation experiments in both regional and metropolitan sludge 
treatment systems.  
(3) Find the levels of indicator enteric viruses in mesophilic anaerobic digester and drying 
pan samples in Victoria. 
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CHAPTER 2 
Development of qPCR method for the 
detection of adenovirus in sludge 
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2.1 Introduction 
Adenoviruses survive for longer periods in wastewater than other enteric viruses and 
are used as indicators of the presence of enteric viruses in wastewater (Wong et al., 2010). 
Among enteric viruses, adenoviruses are the most frequently isolated viruses in sludge 
(Krikelis et al., 1985; Katayama et al., 2008b; Silva et al., 2011). Detection of adenoviruses in 
surface water, river water and wastewater samples is well established (Muscillo et al., 2008; 
Silva et al., 2011; Silva et al., 2010; Tong and Lu, 2011; Chigor and Okoh, 2012). However, 
there are limited studies on detection of adenoviruses in sludge.  
Traditionally, enteric viruses are recovered from sludge using different adsorption-
elution and filtration techniques. Only a few studies have reported on the efficiency of these 
methods for isolation of enteric viruses from sludge (Berman et al., 1981; Mignotte et al., 
1999; Sano et al., 2003). Following recovery, plaque assays are employed to detect the 
enteric viruses isolated from environmental samples. Various studies have been performed to 
determine the most suitable cell line that supports the growth of enteric viruses from 
environmental samples (Lee et al., 1965; Witt and Bousquet, 1988; Irving and Smith, 1981; 
Hamza et al., 2011). Of 51 serotypes of Adenovirus, Human Adenovirus Group F (types 40 
and 41), predominantly found in sludge, are among the most fastidious. These serotypes often 
show inconsistent cytopathic effect in cell culture (Ko et al., 2005), therefore detection of 
these viruses through cell culture techniques using the total culturable virus assay most 
probable number (TVCA-MPN) method can underestimate the number of viruses in the 
sludge (He and Jiang, 2005). Cell culture assays are expensive, lack sensitivity and are time-
consuming (Dong et al., 2010; Hamza et al., 2011; Yeh et al., 2009). Moreover, they are not 
specific; every cell line may support the growth of more than one virus. Hence, cell culture 
assays target a population of enteric viruses rather than a single organism (Hamza et al., 
2011).  
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Molecular techniques are ideally suited to detect specific serotypes of adenovirus, for 
example HAdV 41, from sludge samples. Molecular approaches have higher sensitivity in 
quantitative detection of target sequences compared to cell culture methods (Pina, 1998). 
Quantitative PCR (qPCR) depends on continuous real time measurement of an increase or 
decrease of fluorescent signals during the amplification reaction. qPCR does not require any 
post amplification handling of samples (Wong et al., 2012; Watzinger et al., 2006). The 
method also supports the detection of a specific serotype of virus from the sludge by design 
of specific primers to amplify the target sequence. It is a rapid and robust technique capable 
of handling a large number of environmental samples (Xu et al., 2000; Heid et al., 1996). 
qPCR provides the number of copies of adenoviral DNA but unlike cell culture, it does not 
provide information on infectivity of viruses (Ko et al., 2005; Yeh et al., 2009).  
Integrated cell culture PCR (ICC/PCR) is a technique that couples cell culture with 
molecular techniques to detect infectious viruses (Reynolds, 2004; Rigotto et al., 2005; Li et 
al., 2010). In this technique, the isolated viruses are challenged on suitable cell lines for one 
day. Molecular techniques are employed to find the titre of viruses in the sample.  This 
method is considered a robust technique compared to conventional cell culture. This 
technique overcomes the disadvantages of cell culture (detection of specific serotype not 
possible) and molecular approaches (no information of infectivity of viruses) (Li et al., 2010; 
Lee et al., 2008). 
2.2 Aim of this chapter 
The main aim of this chapter is to develop a qPCR technique for the quantification of 
adenovirus in sludge. This chapter focuses on developing a qPCR method for human 
adenovirus (HAdV 41), adenovirus commonly found in sludge and porcine adenovirus 3 
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(PAdV 3), adenovirus that is usually not found in sludge, which will be used as indicator 
organisms for simulation experiments (Chapter 3 and 4).  
The PCR method was chosen for the following reasons 
(1) Conventional cell culture techniques do not detect a particular serotype of 
adenovirus since each cell line may support the growth of more than one virus, 
with possible different cytopathic effects. Apart from this reason, cell cultures are 
expensive, laborious, time consuming and the method is not suitable to test a large 
number of samples. 
(2) qPCR is widely used to detect adenoviruses in various environments including 
drinking water, river, lakes, surface water and wastewater. However, very limited 
studies have been performed on detection of adenoviruses in sludge using this 
method. Since viruses adsorb to sludge particles and inhibitory substances like 
humic acids in sludge might potentially cause interference, these factors must be 
considered in developing a qPCR method to quantify adenoviruses in sludge. 
A second aim of this chapter was to compare qPCR with integrated cell culture PCR (ICC 
PCR) for their ability to quantify adenoviral DNA and viable virus respectively and to handle 
a large number of samples.   
2.3 Methods 
2.3.1 Primary culture of A549 cells 
 A549 cells (adenocarcinoma human alveolar basal epithelial cells) are a widely used 
cell line to propagate enteric viruses including adenovirus (Cromeans, Lu et al. 2008; Dong, 
Kim et al. 2010; Wong, Onan et al. 2010).  They were used to propagate HAdV 41 and PAdV 
3 in this study. 
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 All cell culture experiments were performed under strict aseptic conditions. A Class II 
biohazard cabinet (AURA 2000 MAC, BioAir Instruments) was decontaminated under UV 
light for 30 min prior to all experiments. Growth medium was prepared by aseptically adding 
10% foetal bovine serum (FBS) to Dulbecco’s Modified Eagle Medium (DMEM). A549 cells 
(Passage 1, Lot 58483235, ATCC) were recovered from liquid nitrogen and thawed in a 37 
°C water bath for 2 min. The cells were added in two individual 25 cm
3
 tissue culture flasks 
containing 7 mL of warm growth media. Cell confluency were recorded for next 3 days by 
observing cell cultures under an inverted microscope, CKX31 (OLYMPUS®, Shinjuku, 
Japan) at 40X magnification.  
2.3.2 Subculture of A549 cells 
 When 70-80% cell confluency was reached, the growth media in the flask was 
discarded. The cells were gently washed with 10 mL of phosphate buffered saline (PBS). 5 
mL of warm trypsin (0.05% EDTA-trypsin, Invitrogen) was added to the flask. The flask was 
left in a 37 °C incubator for 3-5 min until the cells detached from the flask. To prevent further 
action of trypsin on the cells, 5 mL of growth media (FBS in the growth media is a trypsin 
inhibitor) was added immediately. The contents in the flask were centrifuged at 2500 rpm for 
5 min and the supernatant was discarded. 2 mL of growth media was added to the pellet and 
the number of cells counted using the trypan blue assay (Appendix 2.1). Cells were seeded in 
different concentrations (0.5, 1.0, 1.5 and 2.0 x 10
5
 cells/mL) to individual flasks containing 
growth media and were left in a 37 °C incubator (5% CO2). The growth rate of the cells at 
various concentrations was monitored.                                                                                                                                                                 
2.3.3Infection of A549 cells with Adenovirus (PAdV 3/ HAdV 41)  
 A549 cells that are 70-80% confluent were infected with Human Adenovirus (HAdV 
41-ATCC (VR-930)). The growth media in the flask was discarded and the cells were washed 
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with 10 mL of PBS. DMEM was used as virus media. Unlike growth media, no FBS was 
added to DMEM in virus media. To challenge the cells, 300 µL of HAdV 41 was diluted with 
700 µL of virus media and the diluted virus suspension was added to the flask containing 
cells. The flask was incubated in 37 °C incubator (5% CO2) for 30 min with gentle rocking 
every 10 min, and then the viral contents (supernatant) from the flask were discarded. Fresh 
virus media was added to the flask and was left in 37 °C incubator (5% CO2). The flasks were 
observed for 3 days under an inverted microscope for cytopathic effects (CPE).  A similar 
protocol was followed for challenging A549 cells with PAdV 3 that was obtained from 
CSIRO AAHL.  
2.3.4 Recovery of Adenovirus (HAdV 41/ PAdV 3) from A549 cells 
 The adenovirus was recovered from A549 cells by the freeze-thaw method. The flask 
containing HAdV 41 were left in a -80 
°
C freezer for 3 hr. The flask was later thawed on ice. 
This procedure was repeated twice to detach cells completely from the flask. The contents of 
flask (supernatant and cells containing HAdV 41) were spin down at 2500 rpm for 10 min. 
The supernatant was recovered and was transferred to 2 mL vials. The vials were stored in a -
80 
°
C freezer and were used when required. This procedure is repeated for recovering PAdV 
3 from A549 cells.  
2.3.5 Design of primers for detection of Adenovirus in qPCR 
New sets of primers were designed to amplify the long fibre gene specific for HAdV 41 using 
Clone manager software. A blast search on target sequence for long fibre gene verified the 
specificity of the gene in HAdV 41. These primers were designed with a product size 
between 100-200 bp, ideally to achieve 100% efficiency in qPCR.  Primers to amplify the 
hexon gene of PAdV 3 were designed by Sasikumar Vesuvanathan (Vesuvanathan, 2010). 
The details on primers designed to detect PAdV 3 and HAdV 41 are shown in Table 2.1. 
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Table 2.1- Primers for detection of adenovirus 
Virus Name of 
the 
primers 
Sequence Product 
size (bp) 
Target 
gene 
HAdV 
41 
HAdV F 
HAdV R 
5’-CAAAGGGCTGCACCTCTTGG-3’ 
5’-GAGCTAGCGGGCGTTCAATG-3’ 
112 Long fibre 
gene 
(481 bp) 
PAdV 3 PAdV F 
PAdV R 
5’-GTTGGGGCTCATACAAAGGA-3’ 
5’-AACATCATGGCTCCCAAGAG-3’ 
193 Hexon 
(2940 bp) 
2.3.6 Confirmation of Adenovirus recovered from cell culture by PCR 
200 µL of adenovirus (HAdV 41 and PAdV 3) samples stored in -80 °C were 
collected. DNA was extracted from the samples using QIAGEN DNeasy
®
 Blood & Tissue 
kit, following Spin-Column Protocol for purification of total DNA from animal blood or 
cells. 200 µL of DNA was obtained at end of this step. DNA was amplified by PCR in a 25 
µL reaction consisting of 12.5 µL of Go Taq
®
 Mastermix (Promega, Wisconsin, USA), 0.2 
µM of forward primer, 0.2 µM of reverse primer, 15 ng of target DNA and 8.5 µL of 
nuclease free  water. Negative controls for the PCR reaction was prepared by using nuclease 
free water in place of target DNA. The remaining DNA was stored and was quantified using 
qPCR (Section 2.3.9). 
The annealing temperatures and optimum primer concentration for the PCR reaction 
were optimized and optimized conditions are shown in Table 2.2 and Section 2.3.6 
respectively.  The PCR was run for the samples using G-Strom (Gene works, South 
Australia) under the conditions shown in Table 2.2. The PCR products were analysed by gel 
electrophoresis at 100 V for 60 min using 1.4% agarose (Bioline, UK).  
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Table 2.2 Operating conditions used in PCR for detection of adenovirus 
PCR conditions PAdV 3 HAdV 41 
Denaturation 92 °C; 60 sec 94 °C; 30 sec 
Annealing 54 °C; 60 sec 50 °C; 30 sec 
Extension 72 °C; 65 sec 72 °C; 90 sec 
No of cycles 39 34 
2.3.7 Sequencing of PCR products 
A 50 µL aliquot of the PCR product was purified using QIAGEN PCR purification 
kit. 5 ng of purified product was added to 1 µL of BigDye Premix, 3.5 µL of reaction buffer, 
0.25 µM forward and reverse primers to a total reaction volume of 20 µL using nuclease free 
molecular water. The sequencing PCR was performed under following conditions: 96 °C for 
10 sec, 50 °C for 5 sec, 60 °C for 4 min; The product obtained was precipitated using 95% 
ethanol and 3 M sodium acetate (Appendix 2.2). The samples were sent to Micromon 
Monash sequencing facility to confirm that the amplified product had the expected sequence.  
2.3.8 Preparation of standards for qPCR 
The standards for qPCR were prepared by the following steps.  
2.3.8.1 Amplifying gene of interest by PCR 
The targeted gene of interest, the long fibre gene of HAdV-41 or the hexon gene of 
PAdV 3 was amplified in a 25 µL PCR reaction as described in Section 2.3.6. Gel 
electrophoresis was performed to observe amplified PCR products.  
2.3.8.2 Cloning  
Cloning was performed using TOPOTA Cloning
®
 kit (Invitrogen, Carlsbad, USA). 4 
µL of PCR product was added to 1 µL of dilute salt solution (provided with the kit) and 1 µL 
of plasmid vector (pCR
®
 4-TOPO
®
). To ligate the gene of interest with the vector, the 
reaction mixture was left at room temperature for 5 min. 
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2.3.8.3 Transformation 
2 µL of cloning reaction mixture was added to one vial of One Shot
® 
Electrocompetent E. coli and the samples were electroporated at 200 Ω, 25 µF and 2.5 kV 
conditions. If no electrical arching was observed while performing electroporation, the 
contents were immediately transferred to 250 µL of Super Optimal Broth (SOC) medium. 
The suspension was shaken for 1 hr at 37 °C to allow the expression of the ampicillin 
resistance genes present in the plasmid vector. 15 µL of the suspension was plated on-to 
Luria broth (LB) (Appendix 2.3) solidified with agar and containing 25 µg/µL of ampicillin.  
The plates were left at 37 °C for 36 hr.  
2.3.8.4 Selection and confirmation of clones 
Two to six colonies were picked from LB plates. Colony PCR was run using the 
primers described in Table 2.1 and conditions described in Table 2.2. Gel electrophoresis was 
performed on PCR product to confirm the presence of transformants. 
2.3.8.5 Quantifying plasmid DNA and preparing standards  
 The plasmid DNA was extracted from transformants using QIAGEN Plasmid Mini 
Kit. The DNA concentration in the plasmid was estimated using a microplate reader (BMG 
Lab tech, POLARStar Omega). A serial dilution (10 
-1
, 10 
-2
, 10 
-3
, 10 
-4
,  10 
-5
, 10 
-6 
) of the 
plasmid DNA was made  and the dilutions were used as standards in qPCR.  
The Genomic Equivalent Copies (GEC) for the standards was calculated using the formula: 
GEC= (Concentration of standards in ngx6.023×10
23
) / (650 x 10
9 
x length of the insert)...(1) 
 where length of the insert (vector + gene of interest) = 3959 + 112 (for HAdV 41) 
                                                                                                         =3959 + 193 (for PAdV 3) 
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2.3.9 qPCR 
 qPCR was used  to quantify the adenovirus DNA that was obtained from cell culture 
(Section 2.3.6). A reaction master mix of 20 µL containing 10 µL of SsoFast
TM
 EvaGreen 
Supermix, 0.2 µM of primers each (forward and reverse primers), 3 µL of target DNA and 
6.6 µL of molecular water was prepared. Standards (different dilutions) were tested in 
duplicate and samples were tested in triplicate. qPCR was performed on MiniOpticon
TM 
#CFB-3120EDU (Bio-Rad Laboratories, Gladesville, Australia) in a two-step melt cycle (98 
°C for 5 sec, 55 °C for 10 sec; 30 cycles; Melt curve at 75 °C-95 °C with 0.5 °C increment 
for 10 sec/step). The annealing temperature for qPCR was optimized as 55 °C.  
Melt curve analysis was performed at the end of PCR cycle in qPCR. Specificity of 
PCR products to primers was verified by melt analysis. Melt curve profiles were used to 
discriminate non specific PCR products and primer dimers in the reaction. A characteristic 
fluorescence pattern was generated based on sequence, length and  GC content of target DNA 
at its melting temperature. The presence of a single melt peak indicated complete specificity 
of PCR products to the primers in PCR reaction. Melting profiles were checked for each 
qPCR run to validate the experiment. 
The linear plot of GEC of standards and their respective Ct (threshold cycle) values 
obtained from qPCR was produced. To determine the GEC of unknown samples, the Ct 
values of unknown samples were compared with Ct values of the standards.  
2.3.10 Limit of detection of adenovirus in sludge by q PCR 
10
10
 GEC/g DS of HAdV 41 (copy numbers determined by qPCR) were seeded in 
sludge obtained from mesophilic anaerobic digester (MAD) of Treatment Plant A. DNA was 
extracted from the sludge sample using a QIAGEN mini stool kit. DNA was serially diluted 
nine times (10
-1
, 10
-2
, 10
-3
, 10
-4
, 10
-5
, 10
-6
, 10
-7
, 10
-8
, 10
-9
) using 90 µL of nuclease free water. 
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The qPCR master mix was prepared as described in Section 2.3.9 and serially diluted samples 
were used as target DNA. The minimum dilution at which consistent Ct values were observed 
determines the limit of detection for the qPCR assay.  
2.3.11 Extraction efficiency by q PCR 
10
12
 GEC/g DS HAdV 41 (copy numbers determined by qPCR) were seeded to 200 
µL of autoclaved sludge from MAD output from Treatment plant A (triplicates). The samples 
were vortexed for 15 min. DNA was extracted from sludge containing HAdV 41 using 
QIAGEN Mini Stool Kit. From 100 µL of final product obtained, 3 µL of DNA was added to 
the qPCR reaction as described in Section 2.3.9. Numbers of HAdV 41 in sludge samples 
were compared with original concentration (10
12
 GEC/g DS) to determine the extraction 
efficiency.  
2.3.12 ICC PCR 
A549 cells at 0.5 x 10
5
 cells/mL were grown on two 6-well plates using the procedure 
described in section 2.3.1. HAdV 41 that was propagated from A549 cells (Section 2.3.3) was 
diluted serially 10 times (10
-1
, 10
-2
, 10
-3
, 10
-4
, 10
-5
, 10
-6
, 10
-7
, 10
-8
, 10
-9
, 10
-10
) using 1 mL of 
virus media. The cells were challenged by serially diluted HAdV 41 as described in Fig.. 2.1, 
using the protocol described in Section 2.3.3. 
Each 6-well plate contained different dilutions of viruses along with a negative 
control. The plates were left in a 37 °C (5% CO2) incubator for 3 days. Cytopathic effects 
were observed in most of the wells. The confluency of A549 cells was not uniform in 6 well 
plates. To confirm the presence of virus in each of the dilutions, molecular techniques were 
employed as well as observation of the cytopathic effects.  DNA was extracted from each 
well including negative control using QIAGEN DNeasy 
®
 Blood & Tissue kit and PCR was 
run using the conditions described in Section 2.3.6. Following gel electrophoresis, the 
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presence or absence of bands at each dilution was recorded. DNA was extracted from HAdV 
41 that was used to challenge A549 cells in 6-well plates using QIAGEN DNeasy 
®
 Blood & 
Tissue kit.  qPCR was performed on DNA sample to determine the concentration of HAdV 
41. The results obtained from ICC PCR and qPCR were compared. The plate set up of ICC 
PCR is shown in Fig. 2.1. 
 
 
*NC- negative control 
Fig. 2.1 ICC PCR plate set up 
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2.4 Results 
2.4.1 Primary culture of A549 cells 
In Fig. 2.2, the % confluency of A549 cells for one to four days is shown. Primary 
culture of A549 showed that cells settled and adhered to flasks within 24 hr (Fig. 2.2 a). By 
the end of 48 hr, cells were 50% confluent in the flask (Fig. 2.2 b). 80% confluency (Fig. 2.2 
c) and 100% confluency (Fig. 2.2 d) was observed after 72 hr and 96 hr respectively. 
Adherence properties of 100% confluent cells are often affected by forming double layers 
and therefore only 80% confluent cells were subcultured using the protocol described in 
Section 2.3.2. 
 
Fig. 2.2 A549 seeded at 0.5 x 10
5
 cells/mL of growth media, showing confluency of 
a- 25% (24 hr), b- 50% (48 hr), c- 80% (72 hr), d- 100% (96 hr) 
 
 
  
 a 
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The cells were seeded at different concentrations and the time taken to achieve 100% 
confluency in the flasks was monitored (Table 2.3). For ICC PCR (Section 2.3.10), 6-well 
plates were used, therefore, the % confluency in 6-well plates was also monitored (Table 2.3). 
It was observed that the % confluency of the cells in the flask increased with seeding 
concentration. At a seeding concentration of 1.5 x 10
5
 cells/mL, 100% confluency was 
obtained within one day in 6-well plates.  
Table 2.3 % confluency of A549 cells at different concentrations 
Seeding concentration 
(cells/ml) 
100% confluency  
(days) 
25 cm
3
 flasks                                  6 well plates 
0.5 x 10
5
 4 3 
1 x 10
5 
3 2 
1.5 x 10
5
 2 1 
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2.4.2 Cytopathic effects of HAdV 41 on A549 cells 
When A549 cells were challenged by HAdV 41 (Section 2.3.3), the infected cells formed 
grape like clusters as shown in Fig. 2.3b. These clusters were scattered throughout the 
monolayer on the flasks forming significant cytopathic effects by the end of 72 hr. Some of 
the cells detached from the infected flasks and the colour of the media changed from pink to 
yellow indicating the production of acid by the cells. The cells in the negative control flask 
appeared healthy and showed no signs of viral infection over the same period (Fig. 2.3a) 
 
Fig. 2.3 - Cytopathic effects by HAdV 41 on A549 cells (after 72 hr) 
(a) Negative control (healthy A549 cells showing no signs of viral infection) 
(b) HAdV 41-challenged A549 cells after 72 hr (showing significant cytopathic 
effects forming characteristic grape like clusters) 
 
 
 
 
Grape like clusters 
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2.4.3 Cytopathic effects of PAdV 3 on A549 cells 
The cytopathic effect on A549 cells by PAdV 3 is shown in Fig. 2.4. Similar to HAdV 41 
infection, PAdV 3 infected cells formed grape like clusters (Fig. 2.4b) while cells in negative 
control flasks were healthy and remained anchored (Fig. 2.4a). 
 
 
Fig. 2.4- Cytopathic effects by PAdV 3 on A549 cells (after 72 hr) 
(a) Negative control (healthy A549 cells showing no signs of viral infection) 
(b) PAdV 3 challenged A549 cells after 72 hours (showing significant cytopathic 
effects forming characteristic grape like clusters) 
 
 
 
 
 
 
Grape like Clusters 
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2.4.4 Confirmation of Adenovirus (HAdV 41/ PAdV 3) by PCR 
PCR products of DNA obtained from adenovirus infected flasks along with positive 
controls showed the expected bands at 112 bp and 193 bp respectively (Fig. 2.5). Further 
samples processed from PCR products that were sent for sequencing confirmed that 
sequences matched those of HAdV 41 and PAdV 3 respectively (Appendix 2.4) 
 
Fig. 2.5 Gel Electrophoresis of PCR products performed using designed primers of 
HAdV 41 and PAdV 3 
Lane1- 100 bp Ladder (Gene Research) 
Lane 6- Negative control 
Lane 7: Positive control (DNA extracted from stock culture of HAdV 41) 
Lane 8: DNA extracted from HAdV 41 (infected flask) 
Lane 10: Negative control 
Lane 11: Positive control (DNA extracted from stock culture of PAdV 3 
Lane 12: DNA extracted from PAdV 3 (infected flask) 
 
 
 
 
1                         5    6    7   8     9    10   11   12 
100 bp 
193 bp 
112 bp 
11 
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2.4.5 Optimization of primer concentration for PCR 
The primers at different concentration (0.2 µM, 0.4 µM, 0.6 µM, 1 µM) were added to 
the PCR reaction mix containing DNA of HAdV 41. PCR products at 0.2 µM primer 
concentration for HAdV 41 showed a clear band on gel electrophoresis (Fig. 2.6), therefore . 
0.2 µM was considered as suitable primer concentration for PAdV 3.   
 
 
Fig. 2.6 Optimizing primer concentration for HAdV 41 
Lane 1- 100 bp Ladder (Gene Research) 
Lane 2- Negative control (nuclease free water) 
Lane 3- HAdV 41 PCR product at primer concentration of 0.2 µM  
Lane 4- HAdV 41 PCR product at primer concentration of 0.4 µM 
Lane 5- HAdV 41 PCR product at primer concentration of 0.6 µM 
Lane 6- HAdV 41 PCR product at primer concentration of 1 µM 
 
 
 
100 bp 
0.2 µM 
1      2       3         4        5       6  
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2.4.6 Preparation of standards for qPCR 
The PCR products (fiber gene of HAdV 41/ hexon gene of PAdV 3) were ligated in 
pCR
®
 4-TOPO
®
vector. Transformation was successful and no arching was observed on 
electroporation. Single colonies were observed on LB plates containing ampicillin (25 
µg/µL).  
2.4.7 Confirmation of transformants by colony PCR  
The colony PCR performed on some of the colonies isolated from LB plates containing 
clones (fiber gene- PAdV3) gave bands at expected size 112 bp (Fig. 2.7). Similarly clones 
containing hexon gene of PAdV 3 gave positive results for colony PCR. 
 
Fig. 2.7- Analysing clones carrying fiber gene of HAdV 41 by colony PCR 
Lane 1- 100 bp Ladder (Gene Research) 
Lane 2- Negative control (nuclease free water) 
Lane 3, 4, 5, 6, 7- Colonies from HAdV 41 transformants 
 
 
100 bp 
    1       2        3        4        5       6       7 
112 bp 
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2.4.8 Determination of concentration of adenovirus in infected flasks 
T The initial concentration of the plasmid DNA preparation used for preparing the 
standards, containing the hexon gene of PAdV 3 was found to be 300 ng (Sec 2.3.8.5). The Ct 
values of the standards of different concentration (10-fold dilutions) along with unknown 
samples was determined by qPCR. To validate the results, the Ct values of unknown samples 
should fall within the range of standards. The concentration of standards were converted to 
GEC values using formula (1) (Section 2.3.8.5). A linear plot of GEC per µL vs Ct value was 
drawn and is shown in Fig. 2.8.e 
 
 
Fig. 2.8- Standard curve of plasmid DNA carrying hexon gene of PAdV 3 
The Ct value of unknown samples (DNA extracted from PAdV 3 infected flask) was 
substituted in  
Y=4E+14 e
-0.639x
 ……………………(2)  (Fig. 2.10) 
Where Y= GEC of unknown sample 
            X= Ct value of unknown sample 
y = 4E+14e-0.639x 
R² = 0.9991 
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3.00E+06 
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The Ct of the unknown sample was 15.74. Substituting x=15.74 in eq (2), the GEC per µL of 
PAdV 3 in infected flask is determined as 1.71 x 10
10 
,Similarly, the GEC per µL of HAdV 
41 in infected flasks was calculated. 
2.4.9 Melt curve and melt peak analysis 
Melting profiles for detection of PAdV 3 of standards and unknown samples converge at 84 
°C without deviation (Fig. 2.9), indicated the absence of non specific binding of target DNA.  
 
Fig. 2.9 Melt curve analysis for PAdV 3 
A single melt peak at 83 °C (Fig. 2.10) for both standards and samples confirmed that 
the Ct values obtained in qPCR reactions corresponded to specific binding of target DNA to 
primers used in the reaction. Similarly, the melt profiles for qPCR reactions of HAdV 41 
were also validated.  
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Fig. 2.10 Melt peak of qPCR run for PAdV 3 
The converging melting profiles for standards and samples containing lfiber gene of HAdV 
41 confirmed absence of non-specific binding of target to the primers (Fig. 2.11). 
  
Fig. 2.11 Melt curve analysis for HAdV 41 by PCR 
A single melt peak at 78.5 °C confirms specific binding of lfiber gene of standards 
and samples to primers HAdV F and HAdV R (Fig. 2.12). 
1 
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Fig. 2.12 Melt peak of qPCR run for HAdV 41 
2.4.10 Limit of detection by PCR 
Fig. 2.13 shows the limit of detection of HAdV 41 in biosolids by the qPCR method using 
primers described in 2.3.5. Since no Ct values were observed at concentrations lower than 10
3
 
GEC/g DS, the limit of detection for HAdV 41 in sludge sample for this assay was 
determined as 10
3
 GEC/g DS (Fig. 2.13). 
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Fig. 2.13- Limit of detection for HAdV 41 in biosolids 
2.4.11 Extraction efficiency of qPCR from sludge 
The qPCR results of DNA extracted from HAdV 41 seeded sludge collected from the output 
from an anaerobic digester showed 1.17 x 10 
10 
GEC/g DS, while the concentration of HAdV 
41 that was seeded in sludge was 1.82 x 10 
10 
GEC/g DS. This shows that extraction 
efficiency of DNA from the sludge sample using QIAGEN Mini Stool kit was 64.4%.  
2.4.12 ICC PCR 
PCR on DNA samples extracted from 6 well plates containing different dilutions of viruses 
showed the desired product of 112 bp (Fig. 2.14). The intensity of the bands decreased with 
increasing dilution of the DNA (Fig. 2.14) and no band was observed at the 10
-10
 dilution. 
This indicates that DNA was present in the sample till 10
-9
dilution. Therefore the 
concentration of HAdV 41 in the original sample was found to be about 10
10
.  qPCR results 
showed that the original sample contained 1.82 x 10
10
 GEC/µL of HAdV 41 (Appendix 2.5). 
Further studies needs to be done to determine limit of detection of this assay. 
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Fig. 2.14 End point limiting dilution PCR 
Lane 1- 100 bp ladder (Gene Research) 
Lane 4- negative control for PCR (nuclease free water) 
Lane 5, 6- Positive control for PCR (DNA extracted from stock culture of HAdV 41) 
Lane 7- Negative control (ICC PCR plate set up- Fig. 2.1) 
Lane 8- Original sample (well 1- Fig. 2.1) 
Lane 9, 10, 11, 12, 13, 14, 15, 16, 17, 18- End point limiting dilutions (10
-1
-10
-10
) 
 
 
 
 
 
 
 
 
 
112bp  
1                  4       5     6     7     8   9    10   11   12   13  14  15  16  17  18 
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2.5 Discussion 
Serotypes 40 and 41 of human adenoviruses are reported as fastidious groups and are 
difficult to propagate in HeLa, Hep-2, Graham (293), cynomolgus monkey kidney and Chang 
conjunctival cells (de Jong et al., 1983). HAdV 41 showed significant cytopathic effects with 
A549 cell lines within 3 days. However, these viruses failed to show cytopathic effects in 
BGMK cell lines (results shown in Appendix 2.6). These results are in agreement with 
studies that have reported A549 cells possess factors such as cell surface receptors that 
enhance species F replication (Cromeans et al., 2008). It is also interesting to note that PAdV 
3 showed significant cytopathic effects within 3 days. PAdV 3 is usually reported to grow in 
ST (Swine Testis) cells (Tuboly and Nagy, 2000; Li et al., 2004; Hammond and Johnson, 
2005). PAdV 3 is identified as potential delivery system for swine vaccines because of its 
genomic stability on insertion of foreign genes (Hammond and Johnson, 2005). Propagation 
of PAdV 3 in human cell lines (A549 cells) opens an avenue to investigate whether these 
viruses are useful in human vaccine delivery.  
The hexon gene is the most conserved sequence in the Mastadenovirus family of 
viruses (Taylor and Hammond, 1992) and is widely used as a target gene of interest for 
detection of adenovirus (Rodríguez et al., 2012; Sidhu et al., 2013; Kuo et al., 2010; Wolf et 
al., 2010). The fastidious nature of HAdV F group is reported due to its specific structural 
features that are different from other viruses in the entire genus (Favier et al., 2002). Unlike 
other serotypes, 40 and 41 serotypes possess two fiber genes of different lengths- sfiber 
(short) and lfiber (long) (Hung-Yueh et al., 1994; Kidd et al., 1990). For specific detection of 
HAdV 41 amongst all other pathogens and indigenous flora in sludge, primers were designed 
to target the long fiber region. A blast search on target sequence supported the specific nature 
of lfiber targeted gene for detection of HAdV 41. These primers were also successful in 
specifically detecting serotype 41 of adenovirus in sludge (Chapter 5). The results were 
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confirmed by sequencing. Hence, it may be proposed that for specific detection of serotype 
41 amongst HAdV population in sludge, lfiber gene could be used as targeted gene of interest 
instead of the hexon gene.  
Sludge consists of various organic and inorganic substances such as humic acids and 
fulvic acids that have the potential to inhibit the detection of pathogens through molecular 
techniques (Rock et al., 2010; Gilbride et al., 2006). The presence of inhibitory substances in 
a sample (sludge) can interfere with lysis of cells in DNA extraction steps or inhibit 
polymerase activity in the PCR reaction (Wilson, 1997). Inhibitory substances may interfere 
with SsoFast
TM
 EvaGreen Supermix that consists of fluorescent probes used in the qPCR 
reaction. This may be one of the reasons for the low detection limit (10
3/ 
g DS) of the assay. It 
would be worthwhile to determine whether further purification of DNA samples using 
substances such as BSA, glycine could reduce the effect of inhibitory substances in the PCR 
reaction and hence improve the limit of detection of the assay (Rock et al., 2010).   
The extraction efficiency of HAdV 41 from sludge in the developed assay was 64%. 
Sidhu et al, 2013, extracted DNA from primary wastewater samples using commercially 
available kits and compared the DNA yield using the instrument Nanodrop. The authors 
concluded that the Nucleospin kit gave 20 times more yield than Mini stool kit. However 
there is no information available on how these commercial kits are helpful in extracting DNA 
from sludge samples. Further extraction efficiency tests on Nucleospin kit (suggested by 
(Sidhu et al., 2013)) and other available kits should be performed to determine whether 
efficiency of DNA extraction from sludge can be improved.  
In this study, purification and concentration protocols such as adsorption elution, 
filtration and precipitation techniques to isolate viruses from sludge were not followed prior 
to the DNA extraction step. This was mainly because of the small sample volumes (0.5 mL) 
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used throughout the study. Concentration and precipitation techniques are mainly used when 
handling sample (wastewater) volumes of 10 L. As it would not be logical to concentrate ≤ 
0.5 mL of sludge (Chapter 3, 4 and 5) further using conventional techniques, commercial kits 
were employed in my study.  
Information on infectivity of viruses is important in addressing public health safety 
issues. In this study, ICC PCR was performed to examine the infectivity of HAdV 41 
propagated through A549 cells (Section 2.3.3). The results of ICC PCR and qPCR for 
quantification of HAdV 41 were similar. Since, ICC PCR was performed on a pure culture of 
adenovirus (propagated from Section 2.3.3); further experiments should be done to find out 
how effective ICC PCR is for detection of adenovirus from sludge. In this study, the 
processing period for ICC PCR for a sample was approximately 6 days. Though ICC PCR 
quantifies infectious viruses, it is not suitable to handle large number of samples. Another 
study acknowledged the time constraints involved in adopting ICC PCR for detection of 
viruses in environmental samples (Reynolds et al., 2001). One study reported that 
adenoviruses in oyster samples could not be detected by ICC PCR and concluded that qPCR 
and nested PCR as better molecular approaches to detect viruses in environmental samples 
(Rigotto et al., 2005).  Another study concluded that ICC PCR and qPCR detects more 
reoviruses than conventional plaque assay in biosolids samples (Gallagher and Margolin, 
2007).  
The aim of this thesis is to determine the treatment time required to achieve 
microbiological criteria with respect to viruses to produce T1 grade biosolids. The current 
guidelines suggests that the final product should have undergone ≥ three log reduction of 
enteric viruses or should have ≤ 1 pfu/g DS of enteric viruses (EPA, 2004). Hence to 
determine treatment time, the qPCR method was more convenient to show log reduction of 
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viruses in sludge samples. For these reasons, qPCR was adopted as better quantification 
technique than ICC PCR in this project. 
 In this chapter, a qPCR technique for detection of adenovirus DNA in sludge was 
developed. Some of the limitations involved in processing sludge samples for qPCR assay 
were discussed.  More robust and less time consuming approaches need to be developed for 
detection of infectious viruses in sludge.  
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CHAPTER 3 
Decay of adenovirus in laboratory simulation 
of pan drying and stockpiling of anaerobically 
digested sludge from a metropolitan WWTP 
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3.1 Introduction 
 The survival of enteric viruses in the activated sludge process (secondary wastewater 
treatment) has been extensively studied (Irving and Smith, 1981; Funderburg and Sorber, 
1985; Clarke et al., 1961; Jebri et al., 2012). These studies mainly focussed on how the 
inactivation rate of viruses differs, depending on their distribution between solid or liquid 
fractions in the treatment process. It is reported that more than 90% of enteric viruses from 
the influent sewage were removed through the activated sludge process (Clarke et al., 1961; 
Shimohara et al., 1985). The main mechanism of removal of virus in the activated sludge 
process is adsorption of viruses to sludge particles (Brewster et al., 2005; Hurst et al., 1978); 
a study has demonstrated a relatively higher tendency for viruses to adsorb to sludge matrices 
compared to bacteria (Farrah et al., 1981). This indicates that in wastewater treatment, the 
majority of viruses that enter raw sewage are adsorbed to sludge matrices without losing 
infectivity. Hence the inactivation of these enteric viruses is determined mainly by sludge 
treatment. 
 The removal of bacterial pathogens in mesophilic anaerobic digestion (MAD) (sludge 
treatment) is well understood (Horan et al., 2004; Forster-Carneiro et al., 2010; Chen et al., 
2012); however, very few studies have examined the decay of viruses in MAD processes 
through laboratory simulation. The inactivation rate of adenovirus and F-specific phage in 
MAD simulation was found to be 0.84 log10 reduction and 1.64 log10 reduction respectively 
(WERF, 2009); however this report did not describe the process (time and temperature) 
followed in the simulation. Inactivation of enteroviruses (Polio1, Coxsackie B3 and echo1) in 
MAD simulation was found to be around 0.33 log10/day (Scheuerman et al., 1991).  
 Since the majority of viruses are adsorbed to sludge (90%), to ensure microbial safety 
with respect to viruses in biosolids, it is important to understand their rates of decay in sludge 
treatment. If the levels of Adenovirus in sludge are approximately 10
7
 GEC/g DS (Table 
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1.11) and given that the MAD process can reduce less 1-1.5 log10 viruses, then downstream 
sludge treatment processes such as pan drying, stockpiling and composting must play a 
significant role in inactivation of viruses. The fate of viruses in wastewater treatment is 
shown in Fig. 3.1. 
Fig. 3.1 Removal of viruses in wastewater treatment and sludge treatment 
 According to the literature, there is limited data available on the decay of viruses in 
pan drying and stockpiling processes. A simulation of the air drying (pan drying) process for 
adenoviruses has shown 1.91 log 10 reductions (WERF, 2009); however the conditions under 
which the simulation was performed was not explained in the report.  
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3.2 Aim of this chapter 
The major aim of this chapter was to examine the decay rate of adenovirus during pan drying 
and stockpiling of MAD output in a simulation. These simulation studies were performed for 
the following reasons. 
(1) Pan drying followed by stockpiling is the most commonly practiced sludge treatment 
process in Victoria (ANZBP, 2012), but there is no data available on decay rate of 
viruses in pan drying and stockpiling processes in Australia. Therefore, the treatment 
time required for decay of viruses to achieve the required microbiological criteria to 
produce T1 grade biosolids through these treatment processes is unknown.   
(2) The enteric viruses are removed predominantly in sludge treatment processes since 
they are associated with solid particles. Since less than one log10 removal of enteric 
viruses is achieved during MAD, it is important to find how downstream sludge 
treatment processes affect the decay rate of viruses.   
(3) There are different views on whether bacteriophage can act as indicators for enteric 
viruses. Many studies have suggested the use of bacteriophage as indicator organism 
for enteric viruses as their enumeration methods are relatively inexpensive and less 
laborious compared to enteric viruses (Gantzer et al., 1998, Mocé-Llivina et al., 2003, 
Arraj et al., 2005). Disadvantages of this approach include the lower numbers of 
bacteriophages compared to enteric viruses in sludge and variation in their survival 
characteristics with season (Moriñigo et al., 1992). Through simulation experiments, 
the decay rate of adenoviruses can be compared with the decay rate of bacteriophage. 
These studies could lead to finding the most appropriate surrogate or indicator for 
enteric viruses. 
Therefore, a laboratory simulation was set up to replicate the conditions experienced in the 
field, but on a much smaller scale and in an enclosed, controlled environment. This facilitated 
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quantification of adenovirus over a number of weeks to determine the decay rate in pan 
drying and stockpiling. The sludge from MAD in Metropolitan wastewater treatment A 
(WWTP A) facility in Victoria was used in the simulation. Adenoviruses were seeded at 
known concentrations and their decay was observed over a period of 17-21 weeks. The rate 
of decay of adenovirus was compared with the decay of different bacteriophages to find most 
appropriate indicator for the presence of enteric viruses in sludge. 
3.3 Methods 
3.3.1. Description of simulation 
The simulation set up was designed to be similar in operation to the field practices with the 
help of Dr. Duncan Rouch. The major components of the simulation included 
1. Biohazard Cabinet 
2. Control Unit 
3. Ceramic infrared heating system. 
4. Vessels- Tanks, containers 
5. Assay Chambers 
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Overall outline of the simulation set up with its components is shown in Fig. 3.2.
 
Fig. 3.2 Simulation setup 
1. Biohazard cabinet: A Class II Biohazard cabinet was chosen to house the simulation. 
This provided a safe environment to handle pathogens in the sludge.  
2. Control unit: The minimum summer temperature in Melbourne is 20 ⁰C (based on 
data provided by Frankston weather station located near treatment plant A). The 
average treatment period in summer in Melbourne is 21 weeks. These conditions 
correspond to worst case field conditions. Therefore, the simulation was run at 20 ⁰C 
for 21 weeks. Solar exposure data of Melbourne city showed the mean daily sunshine 
during warm months (Oct-Feb) as 7.6 hr/day. Therefore the control unit was set up at 
20 ⁰C for 7.6hr/day every alternative week. When dry solids (DS) % of sludge 
reached 15-20%, stockpiling phase of sludge treatment was simulated by making 
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small lumps of sludge in the tanks and terminating air circulation and heating until 
the end of the simulation.  
3. Ceramic infrared heating component:  Of electromagnetic radiation emitted by the sun, 
infrared radiation is responsible for evaporating the surface water. The average power 
radiated by sun in warm months is 814 Watts/m
2
/h. The infrared component is 47 % 
of total solar radiation. Therefore, the power radiated in warm months had an average 
of 383 Watts/m
2
/h infrared radiation. A ceramic infrared heater (Fig. 3.3) was used 
that could be operated at this range. 
 
Fig. 3.3  Simulation showing tanks and infrared heating components 
4. Vessels (tanks, containers and assay chambers): 
To perform experiments and validate results in various working volumes, three steel 
tanks (25 L) (Fig. 3.3), three plastic containers (4.5 L) and assay chambers (0.5 mL) 
were used in the simulation. The decay of adenovirus was studied using assay 
chambers suspended in containers containing sludge because it is not safe and 
practically difficult to obtain sufficient viruses for studying decay rates in larger tanks. 
The tanks were used in companion studies to determine the decay of bacterial 
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pathogens and bacteriophages. Plastic containers used in the simulation are shown in 
Fig. 3.4. 
 
Fig. 3.4 Containers (4.5 L)  
5. Assay chambers 
Assay chambers were specifically designed and fabricated for the simulation experiment. 
The assay chambers were designed to facilitate the interaction between seeded biosolids 
material containing viruses and the sludge environment in the container. The main 
objectives of the assay chamber were: 
1. To hold sludge containing a known concentration of viruses. 
2. To restrict free entry of viruses from the chambers to the outside sludge environment.   
Previous experiments in our laboratory had shown that the rate of decay of P22 
bacteriophage was similar in containers and in assay chambers that are placed inside the 
containers. Hence, to study the decay of adenoviruses, assay chambers were used.  
3.3.2 Construction of assay chambers 
A spin filter unit (Millipore, Amicon Ultra, Cat No: UFC510096) of 0.5 mL volume was 
selected to hold sludge containing viruses. This small volume enabled the seeding of a 
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concentration of viruses high enough to study their decay rate. This spin filter was placed in a 
centrifuge tube with cut off ends. An additional filter of size 100 kD (Millipore, Cat No., 
14422AM) was glued onto the centrifuge tube. This filter restricts the entry of adenoviruses 
into or out of assay chamber since the size of adenovirus virion is 70-90 nm. The other end of 
the 100 kD filter was attached to another drilled centrifuge tube. This arrangement assured 
firm attachment of 100 kD filter. The structure of assay chamber is shown in Fig. 3.5.  
 
Fig. 3.5 Structure of assay chamber 
The materials used for the construction of assay chambers are shown in Fig. 3.6.  
Fig. 3.6 Materials used for constructing assay chambers 
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The steps followed in constructing assay chambers are 
1. Centrifuge tube with end cut off and hole in cap- The end of a centrifuge tube was 
chopped off using a scalpel knife heated with a Bunsen burner. A hole was made in 
the lid of the centrifuge tube using a scalpel heated by a Bunsen burner.  
2. Additional centrifuge tube with hole in cap: Using a spatula heated with a Bunsen 
burner, a hole was made in the lid of an additional centrifuge tube. 
3. Petri dish containing 100 kD filters 
4. Glued caps of centrifuge tubes: The top surfaces of two centrifuge tubes were 
roughened using a metal file. Using a toothpick, Araldite epoxy glue was applied 
around the hole of both centrifuge tubes. A 100 kD filter was then placed between the 
centrifuge tubes. This set up was left overnight to ensure firm attachment of the filter 
with the centrifuge tubes.  
5. Additional centrifuge tube cut off at hinge: The hinge of the additional centrifuge 
tube was cut and the remainder of the centrifuge tube was discarded.  
6. Plumber’s tape was then wrapped around the inner side of the centrifugal tube and a 
filter of volume 0.5 mL was placed inside the centrifuge tube. To distinguish assay 
chambers containing virus from those containing parasites (companion study) in the 
container containing sludge, red electrical tape was placed around the waist of the 
assay chamber.  
 
 
 
 
71 
 
The steps involved in construction of assay chambers is shown in Fig. 3.7  
 
Fig. 3.7 Construction of Assay Chambers 
Leak test: 400 µL of saline was added to inner tube and the tube was inverted to check for 
leaks. Only assay chambers that passed the leak test were used in the simulation. 
After seeding sludge containing viruses in the assay chamber, a galvanised garden 
wire (20 cm length) was tied around the length of the chamber. A galvanized hex nut (4.5 g) 
was placed on one side of the chamber, and the ends of the wire were twisted. The use of a 
hex nut helped the assay chambers to settle in the bottom of the sludge containers. The wires 
of the assay chambers were then fixed in the containers on a grid using paper clips. The final 
finished assay chamber is shown in the Fig. 3.8. For each sampling event, 3 assay chambers 
were used to show triplicate data for inactivation of adenoviruses.  
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Fig. 3.8 Finished assay chambers  
3.3.3 Details of the simulation and sampling plan  
Table 3.1 Overall details of the simulation 
Simulation 
number 
Dates of 
simulation 
Duration of 
simulation 
Type of virus 
used 
Number of 
sampling 
events MS 1 21/12/2009- 
18/3/2010 
21 PAdV 3 9 
MS 2 9/5/2011  - 
26/9/2011 
21 PAdV 3 9 
MS 3 11/7/2011-
31/10/2011 
17 PAdV 3 5 
MS 3 11/7/2011-
31/10/2011 
17 HAdV 41 5 
 MS- Sludge obtained from mesophilic anaerobic digester (MAD) 
Three simulations were run to determine the decay rate of adenovirus over a period of 
17-21 weeks using Porcine Adenovirus 3 (PAdV 3) as an indicator organism for 
adenoviruses. In simulation 3 (MS 3), to compare the decay rate of PAdV 3 with 
adenoviruses that are naturally present in sludge, Human Adenovirus 41 (HAdV 41) was also 
seeded. The details of sampling events in the simulation are shown in Table 3.1. In simulation 
1 (MS 1), faster drying of sludge occurred, that affected the decay rates of bacteria and 
bacteriophages (companion study). However, the drying rate of the sludge was slowed down 
in simulation 2 and 3 (MS 2 and MS 3) to match mild drying rate under field conditions.  
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3.3.4 Sludge collection and settling 
300 L of fresh output from MAD was collected from a metropolitan treatment plant A 
(WWTP A) in Victoria. Sludge was then allowed to settle for 4 days at 20 ⁰C. After 4 days, 
66% of aqueous liquid was removed using a cavity pump. The sludge was then pumped into 
tanks and containers and used for filling assay chambers.     
3.3.5 Seeding of Adenovirus 
Adenoviruses were grown by challenging them on A549 cell lines using methods described 
in Section 2.3.3. Each assay chamber was seeded with 50 µL of 10
8 
GEC/µL of Adenovirus 
in 450 µL of sludge. A master mix (sludge) was prepared by adding appropriate numbers of 
viruses to the sludge. For example, in MS 2, for 9 sampling events in triplicates, 27 assay 
chambers were required. To 12.15 mL sludge, 1350 µL of 10
8 
GEC of adenovirus was added. 
500 µL of this master mix was then seeded in each assay chamber. Three assay chambers 
were recovered immediately (week 1) and then the remaining assay chambers were placed in 
containers in the simulation setup. Assay chambers were collected as per the sampling plan 
shown in Table 3.1.  
3.3.6 Recovery of sludge from assay chambers 
On every sampling event, DS% of the sludge was estimated. The procedure to estimate DS 
content of the sludge is shown in Appendix 3.1. After sampling, sludge was recovered from 
assay chambers by the following methods: 
a. For wet sludge (< 20% DS) 
Using a 200 μL aerosol barrier tip, as much liquid sludge as possible was recovered in a 
sterile 1.5 mL Eppendorf tube. 0.2 mL of Maximum Recovery Diluent (MRD) was added to 
the inner tube of the assay chamber. By repeated pipetting of the solution, the remaining 
sludge was dispensed into the sterile Eppendorf tube.  
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b. For dry sludge (> 20% DS) 
Using a thin metal spatula, sterilized with 70% ethanol, large dried pieces of sludge from the 
inner tube were transferred to a sterile 1.5 mL Eppendorf tube. 0.2 mL of MRD was added to 
the inner tube. By repeated pipetting of the solution, the remaining sludge was dispensed into 
the sterile Eppendorf tube. The recovered samples were stored at -20 ˚C until assayed for the 
amount of viral DNA by qPCR.  
3.3.6 Recovery of viruses from biosolids 
Adenovirus was recovered from simulation samples as described by Ahmed and Sorenson 
(1996). To 0.5 mL of sample, 4.5 mL of 10% beef extract (pH 9) was added in a sterile 15 
mL tube. The mixture was agitated at 300 rpm for 30 min at 4 ˚C. The samples were then 
covered with aluminium foil. They were placed in an ultra-sonication bath containing ice for 
15 min at medium speed. After a brief vortex, the samples were centrifuged for 1 hr at 4 ˚C. 
Chloroform was added to the supernatant in the ratio 1:3. Chloroform extraction was 
performed in a fume hood chamber. The mixture was then agitated for 30 minutes at 4 ˚C 
followed by centrifugation at 5000 rpm for 30 minutes. The chloroform was then discarded 
and the sample containing viruses were stored for future use at -20 ˚C. 
3.3.7 Quantification by qPCR 
The DNA from viruses was extracted using QIAGEN DNeasy® Blood & Tissue kit. 100 µL 
of final product is obtained after this step. qPCR was performed on all samples as described 
in Section 2.3.10.  
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3.3.8 Data analysis  
Single factor ANOVA was performed on data obtained on the decay of PAdV 3 and HAdV 
41 in all three simulations to determine whether if there was any significant difference in 
decay of adenovirus between the three simulations.  The Excel Linear regression analysis tool 
was used to determine the decay coefficient of adenoviruses in a simulated environment. The 
decay coefficients (95% confidence limits) of adenovirus and K12 coliphages (companion 
study) were compared in a stock chart.  
3.4 Results 
3.4.1 Decay of PAdV 3 and HAdV 41 in pan drying and stockpiling simulation 
Analysis of PAdV 3 in Simulation 1 (MS 1) was performed by Sasikumar Vesuvanthan, 
(Vesuvanathan, 2010)); the results of simulation 2 and 3 (MS 2 and 3) are presented here. In 
simulation 2 (MS 2), 3.01 x 10
10 
GEC of PAdV 3 per g DS was added in assay chambers. At 
the end of 21 weeks, 2.66 x 10
8 
GEC of PAdV 3 per g DS were recovered. This indicates that 
1.95 log10 reductions of enteric viruses (PAdV 3) have occurred in sludge over 21 weeks at 
20 °C. The results of MS 2 are shown in Fig. 3.9.  
 
Fig. 3.9 Decay of Porcine Adenovirus 3 (PAdV 3) in MS 2 
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4.46 x 10
10 
GEC of PAdV 3 per g DS was seeded in assay chambers in simulation 3 (MS 3). 
At the end of 17 weeks, 1.74 x 10
9
 GEC of PAdV 3 per g DS was recovered, showing 1.40 
log10 reduction of PAdV 3. The results of decay of PAdV 3 in MS 3 are shown in Fig. 3.10. 
 
Fig. 3.10 Decay of Porcine Adenovirus 3 (PAdV 3) in MS 3 
1.52 x 10
9 
GEC of HAdV 41 per g DS were seeded in simulation 3 (MS 3). After 17 
weeks, 1.21 x 10
8 
GEC of HAdV 41 per g DS was recovered indicating 1.07 log10 removal of 
HAdV 41 over 17 weeks. Decay of HADV 41 in MS 3 is shown in Fig. 3.11. 
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Fig. 3.11 Decay of Human Adenovirus 41 (HAdV 41) in MS 3 
Single factor ANOVA was performed on decay of PAdV 3 on all three simulations 
(shown in Appendix 3.2) and the p value was found to be 0.7557 (p value >0.05). This 
indicates that no statistical difference was found between decay of PAdV 3 in all three 
simulations over the time period. Similarly, single factor ANOVA was performed (shown in 
Appendix 3.3) on decay of PAdV 3 and HAdV 41 in simulation 3 (MS 3) and p value was 
found to be 0.3364 (p value > 0.05). This indicates that no statistical difference is found in 
the decay of PAdV 3 and HAdV 41 over 112 days in MS 3. 
3.4.2 Decay kinetics of Adenovirus in pan drying and stockpiling simulation 
The decay of pathogens in sludge treatment follows first order kinetics which is given as 
N=N0 e
-kt… (1) 
where  N= Number of pathogens at time t 
 No= Initial number of pathogens  
 K= decay coefficent 
  t= treatment time 
y = 7E+09e-0.041x 
R² = 0.6377 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+09 
1.00E+10 
10 30 50 70 90 110 130 
G
EC
 p
e
r 
g 
d
s 
Days 
Decay of HAdV 41 in MS 3 
78 
 
Negative sign of k indicates the reduction in numbers of pathogens (decay).  
Linear regression analysis was performed for GEC per g DS of adenoviruses over time and 
the decay coefficients were estimated. Results of linear regression analysis is shown in 
Appendix 3.4. The decay coefficient of adenoviruses in individual simulation experiments 
were listed in Table 3.2. 
Table 3.2 Decay Coefficient of Adenoviruses in simulation 
Type of virus Simulation Decay 
Coefficient 
(day 
-1
) 
 
 
(day 
-1
) 
PAdV 3 
MS 1 -0.04011 
PAdV 3 
MS 2 -0.03925 
PAdV 3 
MS 3 -0.03454 
HAdV 41 
MS 3 -0.04273 
 
To achieve better statistical reliability, the overall average decay coefficient of 
adenovirus is determined by combining data from all three simulations and performing linear 
regression analysis of the combined data (shown in Appendix 3.5). The overall decay 
coefficent of adenovirus in simulated environment found to be -0.045 (day
-1 
). 
3.4.3 Estimation of treatment time for decay of adenovirus in Pan drying and 
Stockpiling Simulation of sludge obtained from MAD 
The microbiological criteria to achieve T1 grade of biosolids is to undergo ≥ three log10 
reductions of enteric viruses. The treatment time required for adenovirus in a simulated 
environment is determined as shown 
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On rearranging (1),  
Treatment time, t= Ln(N/N0)/k                … (2) 
We have the decay coefficient of adenoviruses from simulation as - 0.045 day 
-1
 (section 
3.4.2). On substitution of values in (2), we get 
1 log10 reduction of viruses: 7.38 ± 1.49 weeks 
2 log10 reduction of viruses: 14.75 ± 2.98 weeks 
3 log10 reduction of viruses: 22.13 ± 4.47 weeks 
The treatment time required for three log10 reduction of Adenovirus in a simulated 
environment is 22.13 ± 4.47 weeks. 
3.4.4 Determination of indicator pathogen for enteric viruses 
Our laboratory also conducted experiments to find the decay rate of indigenous K12 
coliphages (indigenous coliphages) and MS2 phage (seeded), in the three simulations. Linear 
regression analysis was performed on decay of coliphages and their decay coefficients were 
estimated. Equations [1] and [2] show a higher treatment is required with a corresponding 
lower decay coefficient. It is found that levels of MS2 phage (k=-0.106 day
-1
) reduced at 
faster rate compared to K-12 coliphages (k=-0.042 day
-1
). In Fig. 3.12, the decay coefficients 
of adenovirus and coliphages, estimated at 95% confidence limits (upper and lower limits), in 
all three simulations, are displayed in the form of a stock chart. 
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*Results of K-12 coliphages were performed by Dr. Duncan Rouch 
MS 1, MS 2, MS 3- Simulation 1, 2, 3 
Fig. 3.12 Comparison of decay coefficients of adenoviruses and coliphages in three simulations 
PAdV3- MS1 PAdV 3- MS2 HAdV 41-MS3 PAdV 3- MS3 K12- MS1 K12- MS2 K12- MS3 
Upper limit -0.034 -0.034 -0.024 -0.029 -0.050 -0.024 -0.009 
Lower limit -0.046 -0.045 -0.062 -0.040 -0.095 -0.047 -0.046 
Decay Coefficient -0.040 -0.039 -0.043 -0.035 -0.072 -0.035 -0.028 
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The decay coefficients of K-12 coliphages in simulations 2 and 3 were in a similar 
range of decay coefficient of adenoviruses. The overall decay coefficient (combining data of 
all three simulations) of adenoviruses is found to be -0.045 day 
-1
 and decay coefficient of K-
12 coliphages is -0.042 day
-1
. This implies that decay rates of adenoviruses and coliphages 
are similar in the simulated environment.  
3.5 Discussion 
 The aim was to of the work described in this section was to estimate treatment time 
for virus reduction in sludge treatment.  To my knowledge, this is the first study to apply 
linear regression analysis to forecast the treatment time of viruses in sludge treatment. The 
quality of data obtained for decay of adenovirus through simulation experiments is subject to 
limited variations (Fig. 3.12). This is mainly because variables that affect the decay rates of 
the pathogens are controlled in laboratory simulation while the variables that affect the 
pathogens in the field cannot be controlled.  
The microbiological criterion to produce T1 grade biosolids is to achieve ≥ three log10 
reductions of enteric viruses or ≤ 1 pfu/100 g of enteric viruses (EPA, 2004). Since cell 
culture assay (to show ≤ 1 pfu/100 g) is expensive and is also time consuming to handle large 
number of samples of this project, alternative criterion (≥ three log10 reductions of enteric 
viruses) was considered. It is estimated that 22.13 ± 4.47 weeks is required to achieve three 
log10 reduction of enteric viruses in a simulated laboratory set up. Since the method of 
detection of adenoviruses is by qPCR, which corresponds to detection of both infectious and 
non-infectious viruses, the forecasted treatment time (22.13 ± 4.47 weeks) corresponds to 
conservative (worst-case) number of weeks required to achieve three log10 reduction of 
viruses. This suggests that the microbiological criterion with respect to viruses to produce T1 
grade biosolids is satisfied within the prescribed treatment time.  
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In simulation 3, single factor ANOVA results showed the similarity in decay rates of 
PAdV 3 (type of adenovirus that is not found in sludge) and HAdV 41 (type of adenovirus 
that is commonly found in sludge). A BLAST search on an entire genome sequence of PAdV 
3 (Accession number- AB026117.1, 34094 bp) showed 82% similarity with HAdV. The main 
region of similarity was expressed between 19085 bp to 21162 bp, which corresponds to 
hexon gene (structural protein). If PAdV and HAdV express high % similarity in the 
structural protein and their decay rates in sludge  are similar, it is likely that external structure 
may be expected to be a factor that contributes to their similar decay rates. The hexon gene 
codes for the structural proteins on the viral capsid. The mechanism of decay of adenovirus in 
sludge is unknown but could be explained by effect of proteolytic enzymes on its capsid. In 
general, the composition of proteins was significantly higher than carbohydrates in 
extracellular polymeric substances (EPS) matrix in sludge flocs (Cadoret et al., 2002). The 
microbial flora present in the sludge produce extra cellular enzymes that facilitate the 
degradation of proteins in EPS matrix in sludge flocs (Cadoret et al., 2002). There is a 
possibility that these proteolytic enzymes released by bacteria, to metabolize carbon and 
nitrogens sources in sludge, may have a significant effect on the viral capsid. Various studies 
have suggested the extraction of enzymes from sludge to improve the bioavailability of 
organic compounds to microbes (Nabarlatz et al., 2010, Nabarlatz et al., 2012, Yu et al., 
2009). However, the possibility of the effect of these enzymes on decay of viruses has not 
been studied. Only a few studies have investigated whether the microbial flora present in 
activated sludge produced factors that are responsible for virucidal activity. (Knowlton and 
Ward, 1987; Richard et al., 1986). These studies showed that removal of microbial flora from 
sludge constantly reduced the virucidal activity. In summary, the similar decay rates of 
coliphages and adenoviruses in simulation experiments further supports the hypothesis of 
effect of various proteolytic enzymes on viral capsid that contributes to their decay rates. 
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Serine protease (chymotrypsin) was isolated from waste activated sludge (Tosinari et al., 
2011). Serine proteases have been used in understanding the structure of adenoviral capsid 
(Russel et al., 1989). Following the effect of proteolytic enzymes on the viral capsid, DNases 
present in sludge may degrade viral DNA. The degradation of the bioavailable fraction of 
extracellular DNA (turn over period) in sea water is estimated as 10 hr (Dell'Anno et al., 
2002). The factors that contribute to the decay of extracellular DNA included microbial 
nucleases and organic components of sediments in the marine environment. This implies that 
the kinetics of Dnases on viral DNA is faster than the kinetics of proteolytic enzymes on the 
viral capsid. To understand the factors affecting viral inactivation in sludge, further studies on 
effect of enzymes in sludge on virus should be performed.  
Other factors that may contribute to the decay of enteric viruses may be adherence of 
viruses to sludge particles. It is reported that by increasing the salt concentration in sludge, 
the polioviruses (infectious viral particles detected through plaque assay) were released from 
sludge matrices (Nakajima et al., 2003). High salt concentration in sludge inhibits the growth 
of bacteria (Hamoda and Al-Attar, 1995) while high salt concentration affects electrostatic 
interaction of viruses in sludge matrices. Altering adsorption dynamics of viruses through 
increased salt concentration, the availability of viruses to proteolytic enzymes would be 
increased and this may correspond to their decay.  
 The decay rates of indigenous K-12 coliphages in simulation 2 and 3 were similar to 
rates of decay of adenovirus. The higher decay rate of K-12 coliphages in simulation 1 is 
believed to be mainly due to faster drying of sludge samples in tanks in the simulation set up. 
The overall decay coefficient of coliphages ( k=-0.042 day
-1 
) and adenoviruses ( k=-0.045 
day
-1 
) were similar. This indicates the potential of using coliphages as indicators for enteric 
viruses in sludge treatment. The assays employed for detecting of bacteriophages are 
relatively simple, inexpensive and less time consuming. Many studies have reported the 
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potential of using coliphages as best biological indicators for enteric viruses in various 
environment including seawater, polluted rivers (Callahan et al., 1995; Geldenhuys and 
Pretorius, 1989). However, further field studies on levels of coliphages and adenoviruses in 
sludge will be needed to find whether the use of coliphages as indicators is appropriate or not.  
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CHAPTER 4 
Decay of adenovirus in laboratory simulation 
of pan drying and stockpiling of lagoon sludge 
from regional treatment plants 
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4.1 Introduction 
In regional treatment plants in Victoria, Australia, following the preliminary 
treatment, wastewater stabilization ponds (WSP) or lagoons are employed. These are low cost 
treatment options where a number of ponds are operated in series and water from the last 
pond known as the polishing pond, is used for irrigation purposes. The sludge particles of the 
wastewater that enter the primary pond, settle at the bottom by sedimentation. The volume 
and distribution of sludge that is accumulated in primary ponds can influence the hydraulics 
of wastewater in lagoons (Peña et al., 2000). Hence, periodic removal of sludge from ponds 
improves the sustainability of lagoon systems and allows further options of utilizing lagoon 
sludge as biosolids. However, lagoon sludge management is often given low priority mainly 
because of limited information available on characteristics of lagoon sludge.  
Constant refilling of ponds with influent without removal of sludge that has settled 
changes the characteristics of lagoon sludge. A few studies have demonstrated differences in 
pH, electrical conductivity and BOD levels between surface and sub-surface layers of lagoon 
sludge (Nelson et al., 2004a; Lukicheva et al., 2012). The top aerobic layer of lagoon sludge 
stabilizes within six months, while the bottom anaerobic lagoon sludge takes about one year 
to stabilize (Lukicheva et al., 2012). The microbiological quality of lagoon sludge is poorly 
understood. For sustainable lagoon sludge management, more studies are needed on pathogen 
inactivation in lagoon sludge. To date, only one study has examined inactivation rates of 
pathogens and indicators including bacteria, bacteriophages and Ascaris, in lagoon sludge. 
This study which was conducted in Mexico showed the decay coefficients of bacteria, 
bacteriophages and Ascaris as 0.1 day
-1
, 0.01 day
-1
 and 0.01 day
-1 
respectively (Nelson et al., 
2004a). The decay rate of adenovirus in lagoon sludge has not been reported. Moreover, the 
characteristics of sludge and hence the decay of pathogens in developing countries like 
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Mexico will be expected to be different from sludge produced in Australia. Decay rates of 
pathogens in lagoon sludge in Australia have not been examined previously.  
4.2 Aim of this chapter 
Lagoon based treatment systems are commonly used in regional Victoria for the 
processing of sewage sludge. The pre-treatment of influent, end use of sludge and time of 
harvesting of sludge varies considerably across Victoria. Some lagoons are de-sludged as 
frequently as every three years while others are not de-sludged for 25 years. Lagoon based 
systems are not listed as prescribed process in the guidelines as treatment processes that 
comply with Treatment Grade T1 (unrestricted use) or Treatment Grade 2 (restrictions on use 
apply) or Treatment grade T3. To obtain certification, process verification is required to show 
that the log10 reductions of pathogens or their indicators are consistent with the treatment 
grade applied for. Batch testing of sludge is also required. Data demonstrating reproducible 
log 10 reductions of pathogens during lagoon-based processes and their relationship to various 
physical factors or microbiological indicators would simplify the validation process by 
enabling the development of critical control points, based on strong scientific evidence. 
Hence it is worthwhile to check if harvesting lagoon sludge in open air drying process (pan 
drying) can demonstrate desirable log reductions of pathogens and hence promote its end-use 
as biosolids.  
In this chapter, lagoon sludge, obtained from two different regional treatment plants, 
was harvested and used in laboratory simulation of pan-drying and stockpiling processes. The 
decay rates of adenovirus in laboratory simulation of pan drying and stockpiling of lagoon 
sludge were examined using assay chambers.  
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4.3 Methods 
4.3.1 Details of the simulation and sampling plan  
Two simulations were run for a period of 16-21 weeks using the sludge collected from 
two different regional treatment plants, C and D. To compare the results of pan drying and 
stockpiling simulation of MAD sludge, both adenoviruses, HAdV 41 and PAdV 3, were used 
in simulations 1 and 2 (LS 1 and LS 2). The overall details including sampling plan and type 
of virus used in the simulation is shown in Table 4.1. 
Table 4.1 Overall details of the simulation 
Simulation Date Duration of 
simulation 
(weeks) 
Type of virus 
used 
Number of 
sampling events 
LS 1 23/4/2012-
6/8/2012 
16 HAdV 41 4 
LS 2 23/7/2012-
12/11/2012 
21 PAdV 3 7 
 
4.3.2 Sludge collection  
4.3.2 (a) Simulation 1 (LS 1)- Regional Treatment Plant C 
In simulation 1, harvested dewatered sludge (DS-15.3%) from a primary lagoon pond was 
collected from Treatment Plant C and was transported to our laboratory. 10 kg of sludge was 
added to each of three tanks of the simulation set up (Section 3.3.1).Since the sludge obtained 
was harvested with DS of 15.3%, it was formed into small stockpiles, following previous 
simulations, in which drying-pan sludge was stockpiled on reaching 15-20% DS.  
4.3.2 (b) Simulation 2- Regional Treatment Plant D 
The regional treatment plant D consists of an aerator in centre of the primary lagoon pond. 
The retention time of wastewater in the primary pond is around 30 days and the wastewater 
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drains into the polishing pond, while the sludge settles in the bottom of the pond. Hence 
sampling was performed near the wastewater inlet. The layout of treatment plant D is shown 
in the Fig. 4.1. 
 
Fig. 4.1 Layout of regional treatment plant D  
255 L of sludge was collected from the bottom of the primary lagoon pond, near the 
wastewater inlet (Fig. 4.1) using a pump and PVC pipes (10 m). The sludge was mixed and 
pumped into jerry cans (15 L) and was transported to our laboratory. The sampling method 
that was performed in treatment plant D is shown in Fig. 4.2.  
 
 
 
 
Fig. 4.2 Collection of Sludge from regional treatment plant D 
The collected sludge was settled over 4 days, and the top 10 L discarded from each 
jerry can. The remaining 5 L lots in each jerry can were used to fill each of 3 stainless steel 
tanks (25 L) and assay chambers (0.5 mL). 
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4.3.3 Simulation conditions 
The simulation was set up with the same conditions as the previous simulations with 
metropolitan sludge (Section-3.3.1) to allow direct comparison of results. Thus, the 
simulation was set to reflect summer conditions, with a mean ambient temperature of 20 ºC 
and daily infrared heating to simulate the drying power of the sun. Drying conditions used in 
this simulation were as before, with the cabinet linear air flow (0.42 m/s) and diurnal heating 
(7.6 hr/day) by an infrared ceramic heater system. Drying was performed every second week 
(MS 2 and MS 3), as previous work (the faster decay of K-12 coliphages observed in 
simulation 1 (MS 1), Fig. 3.11) showed that continuous drying caused over-drying of sludge. 
In the previous simulation of MAD sludge, assay chambers containing viruses were 
added to containers (12.5 L) using wires and paper clips. However, as paper clips often fell 
off during the 21 weeks of the simulation, assay chambers were settled inside tanks (25 L) 
containing lagoon sludge.  
4.3.4 Seeding of Adenovirus 
Adenoviruses (PAdV 3 or HAdV 41) were grown on A549 cell lines using methods 
described in Section 2.3.3. A master mix (sludge) was prepared by adding appropriate 
numbers of viruses to assay chambers as explained in Section 3.3.5. The assay chambers 
were placed in tanks (25 L) of simulation set up and they were recovered as per the sampling 
plan outlined in Table 4.1. 
4.3.5 Analysis by qPCR 
 The sludge was recovered from assay chambers using MRD (Section-3.3.5). DNA 
was extracted from sludge using QIAGEN Mini Stool Kit and qPCR analysis was performed 
on DNA samples using the method described in section 2.3.10. The GEC per g DS of 
adenovirus was estimated using the method described in Section 2.3.10.  
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4.3.6 Data Analysis 
 Single factor ANOVA was performed to check whether the decay rates of HAdV 41 
and PAdV 3 were different in simulation 1 and 2 using the Excel data analysis tool. Linear 
regression analysis was performed using the Excel data analysis tool on decay rates of HAdV 
41 and PAdV 3 to determine their decay coefficients. The treatment time required to achieve 
three log10 reduction of enteric viruses is estimated using decay coefficients as described in 
Section 3.4.3. The decay coefficients of HAdV 41, PAdV 3 in laboratory simulation of 
lagoon sludge were compared with simulation of MAD sludge (Chapter 3) using a stock 
chart.    
4.4 Results  
4.4.1 Decay of Adenovirus in laboratory simulation of lagoon sludge 
The decay of HAdV 41 in lagoon simulation 1 is shown in Fig. 4.3. At the end of 112 days, 
3.17 x 10
8 
GEC/g DS of HAdV 41 were recovered from assay chambers, showing 2.16 log10 
removal within 112 days.  
 
Fig. 4.3 Decay of HAdV 41 in lagoon simulation 1 
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The decay of PAdV 3 in lagoon simulation 2 is showed in Fig. 4.4. After 21 weeks, 
2.17 X 10
12
 GEC per g DS of PAdV 3 were recovered from assay chambers, showing a 
reduction of 2.44 log10 reduction.  
 
Fig. 4.4 Decay of PAdV 3 in lagoon simulation 2 
Single factor ANOVA on decay of HAdV 41 and PAdV 3 in simulation 1 and 2 
showed a p value of 0.3397 (p value >0.05). This implies that no significant difference was 
observed in the decay rates of HAdV 41 and PAdV 3 in simulation 1 and 2 of lagoon sludge. 
4.4.2 Decay kinetics and estimation of treatment time of Adenovirus in lagoon sludge 
The decay of pathogens in sludge treatment follows first order kinetics which is given as 
N=N0 e
-kt
 … (1) 
where  N= Number of pathogens at time t 
 No= Initial number of pathogens  
 k= decay coefficent 
  t= treatment time 
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Linear regression analysis was performed on the decay of adenovirus in simulations 1 and 2 
of lagoon sludge and the decay coefficients of adenovirus were estimated. The decay 
coefficients of HAdV 41 and PAdV 3 in lagoon simulations 1 and 2 are shown in Table 4.2. 
Table 4.2 Decay Coefficient of viruses in Lagoon Simulation  
Type of 
virus 
Simulation Decay Coefficient (day
-1
) 
HAdV 41 
LS 1  -0.0514 
PAdV 3 
LS 2 -0.0599 
The average decay coefficient of Adenoviruses in pan drying and stockpiling of 
anaerobically digested sludge was -0.05565 day
-1
.  
Substituting k=-0.05567 day
-1
in equation (1), the treatment time required for three 
log10 reductions of enteric viruses in pan drying and stockpiling simulation of lagoon sludge 
is estimated as 17.73 weeks.  
4.4.3 Comparison of decay of enteric viruses in simulation of MAD and lagoon sludge 
The levels of K12 coliphages (indigenous coliphages) in lagoon sludge were found to 
be low and hence their decay rate in simulation was not estimated. However, the decay of 
added MS2 coliphage was estimated in lagoon simulation by Dr. Duncan Rouch 
[Unpublished]. The decay coefficients at 95% confidence limits (upper and lower limit) of 
adenoviruses and MS2 coliphage were compared and are shown in the form of stock chart in 
Fig. 4.3. In lagoon simulation 1, two phase rates of decay was observed for MS2. Only initial 
rates were taken into consideration for the Fig. 4.3.  
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*LS- Lagoon Sludge, MS- MAD Sludge,  
Fig. 4.5 Comparison of decay coefficients of enteric viruses (Adenovirus and MS2 
phage) in simulations of sludge obtained from MAD and lagoon 
It was observed that the decay coefficient of adenoviruses in lagoon sludge was lower 
than in MAD sludge. Similar behaviour was observed in decay rates of MS2 phage (Fig. 4.3) 
and bacterial pathogens (Smart Water Project, No-9TR4-001, ongoing) in lagoon and MAD 
sludge. Higher decay rates of adenovirus in lagoon sludge indicate lower treatment time for 
lagoon sludge to achieve prescribed microbiological criteria.  
4.5 Discussion 
 The decay rates of adenovirus (PAdV 3 and HAdV 41) were higher in lagoon sludge 
compared to MAD sludge (Table 4.2). Similar results were observed in decay rates of 
coliphages (Fig. 4.5). Higher decay rates of enteric viruses in lagoon sludge compared to 
MAD sludge can be explained as follows. The initial volatile solids content in MAD sludge 
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while performing simulations was above 70% in all three simulations (Appendix 4.1). 
However, the initial volatile solids content in lagoon sludge was less than 60% in both the 
simulations (Appendix 4.1). Similar observation of lower volatile solids content in lagoon 
sludge (38.3%) and MAD sludge (74%) was observed in wastewater treatment plant in 
Werribee, Melbourne (Schneiter et al., 1984). Volatile solids content correspond to organic 
matter present in sludge. The constant refilling of ponds and leaving the sludge of different 
ages in the bottom of the pond, suggests that the indigenous organisms present in lagoon 
sludge are high in numbers. A study has reported the presence of 10
7
g/DS proteolytic and 
lypolytic bacteria in anaerobic lagoon sludge in Werribee, Melbourne (Parker and Skerry, 
1968). The indigenous microorganisms, producing extracellular enzymes, break down the 
organic content of the sludge which corresponds to low VS%. High enzyme activity by the 
indigenous microorganisms may be one of the reasons for higher decay rates of viruses in 
lagoon sludge. Proteolytic enzymes may break viral capsid and facilitate the decay rates of 
enteric viruses. 
Another factor that affects inactivation of viruses in lagoon sludge is pH. A study 
from USEPA has reported that Poliovirus type 1 inactivation in lagoon sludge correlated with 
changes in VS% and pH of the sludge (Reimers et al., 1990). It may be hypothesized that a 
change in pH of sludge may affect the electrostatic interactions of viruses with sludge and 
leads to desorption of viruses from sludge matrices. The desorbed viruses are further targeted 
by extracellular proteolytic enzymes produced by indigenous microbes.  
The decay rates of indigenous K-12 coliphages could not be monitored due to their 
lower levels in lagoon sludge than in MAD sludge (Chapter 3). Hence, K-12 coliphage 
cannot be used as indicator organism for enteric viruses in lagoon sludge. Further field 
studies on levels of adenoviruses in lagoon sludge should be done to find whether they would 
be better indicator organism than coliphages for enteric viruses in lagoon sludge. 
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Higher decay rates of pathogens in lagoon sludge indicate the potential of utilizing 
lagoon sludge as biosolids. However, the characteristics of lagoon sludge vary with each 
treatment plant due to constant refilling of ponds with influents (Alvarado et al., 2012) By 
estimating appropriate treatment times for reduction of pathogens in lagoon sludge, these 
treatment systems (sludge from lagoon + drying pan) could be included as prescribed 
treatment processes in the Victorian guidelines. The treatment time required to achieve ≥ 
three log 10 reduction of enteric viruses to produce T1 grade biosolids from lagoon sludge is 
estimated as 17.73 weeks. With 1.2% increase in the population in regional Victoria in 2010-
11 (Victorian Population Bulletin, 2012), the amount of influent in lagoon systems is likely to 
increase in future. Sustainable use of lagoon sludge as biosolids, would reduce refilling for 
lagoons overs the years and could improve operation of treatment systems.  
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CHAPTER 5 
Prevalence of human adenovirus (HAdV 41) 
in sewage treatment systems in Victoria 
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5.1 Introduction 
The concentration of pathogens in wastewater varies with geographical area as it 
depends on various factors including incidence of disease, treatment facilities and hygiene 
(Gary, 2004). The levels of human adenovirus (HAdV) in secondary wastewater treatment in 
Australia were reported as 10
7 
GEC/L while their levels in secondary treatment in UK were 
reported as 10
3
 GEC/L (WERF, 2009). Hence it is important to quantify pathogens in each 
geographical area to perform risk assessment.  
It has been reported that more than 90% of enteric viruses from the influent sewage 
were removed through the activated sludge process (Norman A. Clarke, 1961, E. Shimohara, 
1985). The mechanism of removal of virus in the activated sludge process is adsorption of 
viruses to sludge particles (Hurst et al., 1978; Lund and Rønne, 1973; Brewster et al., 2005). 
This indicates that majority of viruses that are present in raw sewage are attached to the 
sludge matrices and their fate is determined through sludge treatment. There is a gap in 
understanding the levels of adenovirus in sludge treatment (field practices). The levels and 
decay rates of adenovirus in mesophilic anaerobic digestion (MAD) process and downstream 
sludge treatment processes like pan drying have not been investigated previously. 
 Seasonal variation analysis on HAdV 41 in river water (Moresco et al., 2012, 
Haramoto et al., 2007; Silva et al., 2011), feacally polluted rivers (Pina et al., 1998) and 
activated sludge process (Kuo et al., 2010) has been investigated previously. However, 
seasonal variation of HAdV 41 in MAD sludge has not been investigated.   
The levels of somatic coliphages and F+ coliphage (10
3
 pfu/g DS) were monitored in 
waste stabilization ponds in Brazil (Nelson et al., 2004b, Sinton et al., 2002). The levels of 
HAdV (10
4
-10
6
 GEC/L) and norovirus (10
2
-10
3
 GEC/L) in waste stabilization ponds in New 
Zealand were studied (Hewitt et al., 2011). These studies mainly focussed on quantification 
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of pathogens in wastewater from stabilization ponds. However no studies have been 
performed on quantification of levels of enteric viruses in lagoon sludge.  
5.2 Aim of this chapter 
The main aim of this chapter was to quantify the levels of HAdV 41 in various stages of 
biosolids treatment in metropolitan and regional treatment plants in Victoria.   
The aims of this study are  
(1) To monitor the levels of HAdV 41 in metropolitan MAD sludge for a year and find 
whether levels of HAdV 41 show any seasonal variation in MAD sludge. 
(2) To compare the seasonal variation of HAdV 41 with indigenous K12 coliphages in 
MAD sludge. 
(3) To observe decay of HAdV 41 in drying pan samples from a metropolitan treatment 
system and compare the decay rates of HAdV 41 with K12 coliphage. 
(4) To monitor levels of HAdV 41 in regional treatment systems (lagoon sludge) 
These field studies on seasonal variation of HAdV 41 and K12 coliphages in MAD sludge 
and their decay rate in drying pans along with laboratory simulation experiments described in 
Chapters 3 and 4 will aim to identify a better process specific indicator for enteric viruses.  
5.3 Methods 
5.3.1 Sludge collection and sampling plan 
(a) Seasonal variation study 
Sludge samples (50 mL) were available from output of MAD process of Treatment 
Plant A for one year (Sep 09-Jun 10) to monitor the levels of HAdV 41. Following the 
collection of sludge, DS% of the sludge was estimated and the samples were stored in -20 °C 
for further analysis. Two sampling dates were chosen for each season (spring, summer, 
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autumn, winter). For each sampling date, six samples of MAD sludge were used. Therefore, a 
total of 12 samples per season were analysed to monitor the levels of HAdV 41 in MAD 
sludge. Sampling dates that were chosen in each season and their corresponding DS% are 
shown in Table 5.1. 
Table 5.1 Sampling plan to perform seasonal variation studies in MAD sludge in 
Victoria 
Season Sampling 
number 
Sampling date DS% 
Spring (i)  7/09/2009 1.9 
 (ii)  5/10/2009 2 
Summer (i)  9/11/2009 2.3 
 (ii)  14/12/2009 1.9 
Autumn (i)  1/3/2010 2 
 (ii)  22/3/2010 1.9 
Winter (i)  19/4/2010 1.9 
 (ii)  7/6/2010 2 
(b) Decay of HAdV 41 in drying pans 
In metropolitan treatment plant A, drying pans are repeatedly filled and decanted with 
MAD output 6-8 weeks before drying begins. Sludge (50 mL) was available from drying pan 
41 at approximately monthly intervals of Treatment plant A over 19 weeks. DS% of the 
collected sludge was assayed and sludge was stored in -20 °C. The sampling dates and their 
corresponding DS% of samples obtained from drying pan are shown in Table 5.2. 
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Table 5.2  Sampling plan of decay of HAdV 41 in drying pan  
Days Sampling date DS% 
1 9/11/2009 3.6 
35 14/12/2009 4.9 
84 1/02/2010 8.3 
133 22/03/2010 25.5 
(c) Levels of HAdV 41 in lagoon sludge 
The lagoon sludge was collected from two regional treatment plants, C and D. DS% 
of the sludge was estimated and the samples were stored in -20 °C. The sampling dates of the 
lagoon sludge and their corresponding DS% is shown in Table 5.3.  
Table 5.3 Sampling plan of decay of HAdV 41 in lagoon sludge 
Regional treatment 
plant 
Sampling date DS% 
A 21/4/2012 15.3 
B 23/7/2012 3 
5.3.2 Extraction of DNA and qPCR analysis 
The sludge samples from -20 °C were thawed at 4 °C for two days. DNA was 
extracted from each of the samples using QIAGEN Mini stool kit as described in Section 
2.3.10. qPCR was run in duplicate on all samples against the standards (plasmid DNA 
carrying lfiber gene of HAdV 41) using the protocol described in Section 2.3.9. The GEC/g 
DS of HAdV 41 in MAD sludge samples, drying pan samples and lagoon sludge samples was 
estimated. 
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5.3.3 Data analysis 
(a) Seasonal variation study 
 Single factor ANOVA was performed to find if there were any significant differences 
in levels of HAdV 41 in four seasons. To find the % similarity among the seasons on levels 
of HAdV 41, multivariate clustal analysis was performed using Minitab 16. The levels of 
HAdV 41 and K12 coliphages (companion study) were compared in the form of box and 
whisker plots using Excel.   
(b) Decay of HAdV 41 in drying pan 
The linear regression analysis on decay of HAdV 41 over 19 weeks was performed to 
estimate the field decay rates of HAdV 41 in the drying pan.  
5.4 Results 
5.4.1.a Seasonal variation of HAdV 41 in MAD sludge 
qPCR analysis of MAD sludge samples indicated the presence of HAdV 41 
throughout the year. The levels of HAdV 41 varied between 10
8
-10
9
 GEC/ g DS in 2009-10. 
Normality test was performed on data obtained from four seasons using Minitab 16. Single 
factor ANOVA was performed on levels of HAdV 41 in all four seasons. The levels of 
HAdV in four seasons is found to be significantly different (p value= 0.000122) with higher 
levels during autumn and winter. The levels of HAdV 41 in four seasons are shown in Fig. 
5.1.  
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Fig. 5.1 Seasonal distribution of HAdV 41 in MAD sludge in Victoria 
5.4.1.b Comparison of levels of K-12 Coliphages with Adenovirus in MAD sludge 
The levels of K-12 coliphages were monitored in MAD sludge (performed by Dr. 
Duncan Rouch). The levels of HAdV 41 and K-12 coliphages are compared and are 
represented in box whisker plot. A box whisker plot of levels of HAdV 41 and K12 
coliphages in MAD sludge is shown in Fig. 5.2. The upper and lower whiskers represent 
maximum and minimum observation in each season. Purple boxes represent upper quartiles 
(25% of data greater than this value). Green box represents lower quartile (25% of data lower 
than this value).  
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Fig. 5.2 Box whisker plot of levels of HAdV 41 and K-12 Bacteriophages in MAD sludge 
(2009-10) 
HAdV 41 box plots has smaller width that represent minimum variation in the data 
among replicates while box plots of K-12 coliphage represents larger variation in the data 
over each season.   
5.4.1.c Multivariate clustal analysis on levels of enteric viruses in MAD sludge  
A dendrogram was obtained from multivariate clustal analysis and is shown in Fig. 
5.3. The similarity in levels of HAdV 41 in autumn and winter (clustal 1) is 96.73%. The 
similarity in levels of HAdV 41 in spring and clustal 1 is 89.01%. The similarity in levels of 
HAdV 41 in summer and all other seasons is 64.76%.   
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Fig. 5.3 Dendrogram showing similarity in levels of HAdV 41 in four seasons in MAD 
sludge using Minitab 16 
5.4.2 Decay of HAdV 41 in stockpiles of Treatment plant A  
The decay of HAdV 41 in pan 41 is shown in Fig. 5.4. Initially, 9.36 x 10
8
 GEC/g DS 
of HAdV 41 were found in drying pan 41. At the end of 133 days, the levels of HAdV 41 
reduced to 1.18 x 10
8
 GEC/g DS.  
Summer HAdV 41Winter HAdV 41Autumn HAdV 41Spring HAdV 41
64.77
76.51
88.26
100.00
Variables
S
im
ila
ri
ty
Dendrogram
Single Linkage, Absolute Correlation Coefficient Distance
Clustal 1 
Clustal 2 
106 
 
 
Fig. 5.4 Decay of HAdV 41 in pan 41 in metropolitan treatment plant A 
The linear regression analysis on decay of HAdV 41 in pan 41 was performed and the 
decay coefficient was found to be –0.012 day-1. The decay of coefficient of K12 coliphages in 
pan 41 (companion study performed by Dr. Duncan Rouch) was found to be -0.019 day
-1
.  
5.4.3 Levels of HAdV 41 in regional treatment systems.  
The limit of detection of qPCR as described in Section 2.4.6.4 is 10
3
 GEC/ g DS of 
HAdV 41 in biosolids sample. No HAdV 41 was detected in lagoon sludge obtained from 
regional treatment plants C and D. This indicates that there are < 10
3
 GEC/ g DS of HAdV 41 
in lagoon sludge.  
5.5 Discussion  
Seasonal variation analysis on concentration of HAdV 41 was investigated in various 
studies. Most of the studies has reported that HAdV 41 shows no seasonal variation in raw 
wastewater (Kuo et al., 2010, Hewitt et al., 2011).The levels of HAdV 41 from input and 
output of the activated sludge process from mid-winter (Jan 2008) to the end of summer (Aug 
2008) were reported by (Kuo et al., 2010) and is shown in Fig. 5.5. 
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Fig. 5.5 - HAdV concentrations for the membrane influent and settled activated sludge 
portion and the supernatant portion (Kuo et al., 2010) 
 The authors observed decreased levels of HAdV 41 in May and July (spring and 
summer in USA), but interpreted the result as no seasonal variation in the levels of HAdV 41 
in activated sludge process. The authors reported levels of HAdV 41 in the range of 10
8
-10
9
/L 
and concluded that no seasonal variation occurred. But their conclusions were not supported 
by statistical analysis and no error bars were shown in the results (Fig. 5.5). The data 
presented in this chapter found that the levels of HAdV 41 were in the range of 10 
8 
-10 
9 
/g 
DS in MAD sludge in all four seasons. However, on analysing the data through various 
statistical tools such as ANOVA and multivariate clustal analysis, significant differences 
were observed in levels of HAdV 41 in seasons such as spring and summer compared to 
autumn and winter. Only one study used statistical analysis to analyse seasonal variation in 
the levels of HAdV 41 and the study has reported significant differences in levels of HAdV 
41 in the spring season in coastal waters (faecally contaminated) of Brazil (Moresco et al., 
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2012). These differences between studies confirm the importance of statistical analysis in 
interpreting the effect of season on levels of HAdV 41 in wastewater. Enteric adenovirus 
causing gastroenteritis (HAdV 40, HAdV 41) was isolated throughout the year in infants and 
young children in Stockholm, with higher rates of infection in winter (Uhnoo et al., 1984).  
Higher correlation in numbers of viruses (HAdV 41 and K-12 coliphage) in autumn and 
winter (clustal 1), spring and summer (clustal 2 and 3) in Fig. 5.3 and Fig. 5.4 indicates that 
temperature may have an effect on influent viruses in MAD sludge.  
Box and whisker plots on levels of HAdV 41 and K-12 in MAD sludge showed the 
quality of HAdV 41 data presented in this chapter. Twelve replicates per season (2 sampling 
dates and 6 replicates per sampling date) were chosen to monitor levels of HAdV 41 and the 
data showed minimal variation among replicates (Fig. 5.2). K-12 coliphage showed higher 
variability among replicates of each season. Factors including indigenous bacterial 
population, sample processing, lower numbers in the sewerage samples may be the reasons 
for variability in K12 coliphage data.  
The linear regression analysis on the decay of HAdV 41 and K-12 in drying pans 
provided information on similar decay coefficients of these viruses. The decay coefficient of 
HAdV 41 was –0.012 day-1 while the decay coefficient of K-12 coliphages was -0.019 day-1. 
The R
2 
value for the decay of HAdV 41 in drying pans was low (0.4047). This is mainly due 
to minimum sampling points (four) performed in this study. More sampling points should be 
included while performing field studies to obtain reliable data. .The decay coefficients of 
HAdV 41 (k=-0.045 day
-1
) and K-12 coliphage (k=-0.042 day
-1
) in laboratory simulation of 
MAD sludge (Chapter 3) were similar. This indicates that indigenous K-12 coliphage can be 
used as a process specific indicator for adenovirus in biosolids treatment. The quantification 
assay used for K-12 coliphage in the companion study is inexpensive and less time 
consuming. If the decay rates of adenovirus and coliphages are similar in both laboratory 
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simulation and field studies, then K12 coliphages can serve as alternative indicator for 
adenovirus, when present in significant numbers. 
The lower levels of HAdV 41 (< 10 
3 
GEC/g DS) found in lagoon sludge (regional 
treatment plant C and D) are interesting. This could be explained by the lower volatile solids 
content and increased enzyme activity (discussed in Chapter 4) in lagoon sludge reducing the 
numbers of influent HAdV 41 effectively. The age of the sludge in the lagoon ponds were 
unknown, but was at least upto 15 years. The ponds were continuously filled with new 
material. The continuous production of proteases by indigenous organisms in lagoon sludge 
over the years may have reduced the levels of HAdV 41 in sludge.  Another factor that may 
be responsible for lower levels of HAdV 41 in lagoon sludge may be lower loads of viruses 
in regional sewerage.  
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CHAPTER 6 
Discussion and Summary 
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The main aim of the study was to determine the decay rates of adenoviruses (HAdV 41 
and PAdV 3) in pan drying and stockpiling processes through simulation and field 
experiments and compare the decay rates of bacteriophages with adenovirus to identify a 
better indicator. The overall decay coefficients of adenovirus and K-12 coliphage in pan 
drying and stockpiling simulation of MAD sludge (MS 1, 2 and 3) was -0.045 day
-1
 and -
0.042 day
-1 
respectively. The overall decay coefficient of adenovirus in pan drying and 
stockpiling simulation of lagoon sludge (LS 1 and 2) was -0.055 day
-1
. The overall decay 
coefficient of adenovirus and K-12 coliphage under field conditions of drying pan 41 in 
Treatment plant A was found to be -0.01 and -0.016 respectively. This indicates that the 
decay coefficient of adenovirus and K-12 coliphages is similar under different conditions 
(controlled simulated environment and field environment).  
The decay coefficient of adenovirus and K-12 coliphage estimated at 95 % confidence 
limits (combined results from all chapters) is shown in Fig. 6.1 in a stock chart.  
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MS- Pan drying and stockpiling simulation of MAD sludge (results from Chapter 3) 
LS- Pan drying and stockpiling simulation of lagoon sludge (results from Chapter 4) 
FS- Field studies in drying pan 41 (results from Chapter 5).  
Fig. 6.1- Decay coefficient of adenovirus and K-12 coliphages in simulation and field experiments (Results from chapter 3, 4, 5) 
The overall decay coefficients of enteric virus DNA and viable coliphage in all 
simulations and field studies are shown in Table 6.1.  
Table 6.1- Overall Decay Coefficient of enteric viruses in simulation and field studies 
Simulation Overall decay coefficient 
of adenovirus (day
-1 
) 
Overall decay coefficient 
of K-12 coliphages  
(day
-1
) 
MS 1, MS 2, MS 3 -0.045 - 0.042 
LS 1, LS 2 -0.055 Did not perform due to 
initial low numbers in 
lagoon sludge 
FS -0.012 -0.016 
 
Since the decay coefficient of adenovirus and K-12 coliphages in all simulation 
experiments and field studies were consistently similar (Table 6.1), this suggests that K-12 
coliphages can be used as process specific indicator for enteric viruses in biosolids. Since the 
enumeration methods for bacteriophages are relatively simple, inexpensive and less laborious 
compared to adenovirus (Sharon et al, 2006; Zhang and Farahbakhsh 2007) and their decay 
rates are found to be similar to adenovirus in different conditions (laboratory simulation and 
field), this study strongly supports the use of K-12 coliphages as indicator organisms for 
eneteric viruses in biosolids. Disadvantages of this approach include the lower numbers of 
bacteriophages compared to enteric viruses in sludge (Moriñigo et al. 1992). Levels of 
adenovirus and K-12 coliphages were determined for one year (2009-10) at four different 
seasons in Victoria from MAD output of a metropolitan treatment plant A. The levels of 
adenovirus DNA (detected by qPCR) in metropolitan sludge (MAD output) was found to be 
10
8
-10
9
 GEC/g DS in all four seasons. In companion study, it was found that the levels of K-
12 coliphage (live assay) in MAD output were 10
3
-10
6
 pfu/g DS. The levels of K-12 
coliphage presented in companion study showed variation and the levels were significantly 
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lower than levels of adenovirus throughout the year. The levels of adenovirus and coliphages 
detected in MAD output in Victoria were in similar range to the levels in USA and higher 
than the levels in UK (WERF, 2009; WERF 2011). This further supports findings that the 
levels of pathogens differ in each geographical location (Arthurson, 2008). This further 
suggests that guidelines for safe disposal of biosolids should be drafted based on levels of 
pathogen in incoming sewage. However, guidelines for disposal of biosolids in Australia, 
New Zealand and the European Union are all based on USEPA, part 503, 1999. USEPA 
guidelines were based on WHO, 1981 recommendations that were drafted for both 
developing and developed countries. Since the levels of incoming pathogens differ in each 
geographical location, this study recommends the need to verify appropriateness of existing 
guidelines in each geographical location.  
The observation that decay rates of PAdV 3, HAdV 41, K-12 coliphages in laboratory 
simulation of pan-dried and stockpiled sludge from MAD were similar, and that the decay 
rates of adenovirus and K-12 coliphages were similar field studies suggests that the factors 
that affect the decay rates of these viruses are similar. The mechanism of decay of adenovirus 
in sludge can be explained as follows. The levels of adenovirus in raw sewage and MAD 
sludge were almost similar in the range of 10
-8
 GEC/g DS (WERF, 2009). This is mainly due 
to adsorption of viruses to sludge matrices throughout wastewater treatment (Nakajima et al, 
1986). The salt concentration in sludge is higher than in wastewater (Kasper et al, 1978). 
High salt concentration affects the electrostatic interaction of viruses to its sludge matrices 
(Nakojima, 2003). This report indicates that higher salt concentration in sludge treatment than 
wastewater treatment helps in desorption of virions from sludge matrices. After the release of 
virions, there is a possibility that scavenging proteolytic enzymes released by indigenous 
bacteria may have a significant effect on the viral capsid and hence result in their decay. 
Following the action of proteases on capsid, Dnases or Rnases (depending on the virus) 
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present in sludge may subsequently degrade the nucleic acid, at much faster rate. More 
studies needs to be performed to identify enzymes and other factors (e.g.. Chemical, 
environmental factors etc) that participate in decay of viruses in sludge. This will further help 
in identifying new techniques to improve microbial safety with respect to enteric viruses in 
sludge treatment.   
It was observed (Table 6.1) that there is difference in decay coefficient of viruses 
(both adenovirus and K-12 coliphages) in simulations (-0.055 day
-1
) and field conditions (-
0.012 day
-1
). One explanation for this difference could be that controlled conditions were 
used in simulations, while conditions in the field were more variable and could be less 
efficient, leading to longer times required for > 3 log10 reduction.  The proposed model for 
decay of enteric viruses in sludge depends on indigenous microorganisms that produce 
proteases which may have an effect on viral capsid. The growth of these indigenous microbes 
depends on temperature (Sharmin et al., 2005). Under laboratory conditions, temperature is 
maintained constant whereas it varies in field conditions every day. There is a possibility that 
constant temperature (used in simulation) had a positive effect on protease producing bacteria 
leading to increased release of protease in sludge. This may correspond to faster decay rates 
of enteric viruses in simulations compared to field experiments. Further investigation has to 
be done on identifying factors that affect the decay of enteric viruses in different 
environments.  
 The final aim of this study was to determine the time taken to achieve microbiological 
criteria with respect to viruses to produce T1 grade biosolids in a simulated environment. The 
microbiological criterion to produce T1 grade biosolids is to achieve ≥ three log10 reductions 
of enteric viruses (EPA VIC, 2004). qPCR has provided a useful technique to show log 10 
reductions of viruses.  The decay coefficient of adenovirus estimated under field conditions 
of drying pan 41 was found to be -0.012 day
-1
. Substituting, k=-0.012 day
-1
 in equation  
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Treatment time, t= Ln(N/N0)/k          … (1) 
The treatment time required to achieve ≥ three log10 reductions of adenovirus is estimated as 
82 weeks. However, the k value obtained in field studies of adenovirus corresponds to limited 
sampling points in the experiment (Chapter 5). Since the method of detection of adenoviruses 
is by qPCR, which detects both infectious and non-infectious viruses, the forecasted time 
represents conservative (worst-case) number of weeks required to achieve three log10 
reduction of adenovirus. The decay rates of K-12 coliphage and adenovirus in pan drying and 
stockpiling simulation of MAD sludge and field studies were in the same range (Chapter 3). 
The decay coefficient of K-12 coliphage in drying pan 41 was more reliable (more sampling 
points and lesser variation (Fig. 6.1) compared to adenovirus. The decay coefficient of K-
12 coliphage in drying pan 41 was -0.016 day
-1
. Substituting k=-0.016 day
-1
 in equation (1), 
the treatment time required to achieve ≥ three log10 reductions of adenovirus is 61 weeks. 
This suggests that the microbiological criterion with respect to viruses to produce T1 grade 
biosolids is satisfied within the prescribed treatment time of three years. Alternative 
microbiological criterion for enteric viruses is to show < 1 pfu/ 100 g DS of biosolids. 
However, traditional cell culture assay is required to show pfu (plaque forming units) of 
enteric viruses. The disadvantages of employing cell culture assay in this project have been 
discussed in Chapter 2 and 3.  
 In this study, decay rates of adenovirus and K-12 coliphages in pan drying and 
stockpiling processes of regional and metropolitan sludge through simulation experiments 
and field studies were compared and the treatment time required to achieve prescribed 
microbial safety was estimated. This data was presented to regulatory authorities in Victoria 
for further revision of existing guidelines.  
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Further studies 
(1)  In this study, qPCR is ideally suited technique to show log10 reductions and therefore 
determine treatment time for the required decay of enteric viruses. However, there is a 
need to quantify infectious viruses in microbial risk assessment studies. Hence, more 
economical and robust techniques to quantify infectious adenoviruses needs to be 
developed. 
(2) There is huge gap in identifying the factors that affect the decay of adenovirus in 
sludge treatment. More studies can be performed on proposed protease model for 
decay of enteric viruses and hence improve microbial safety with respect to enteric 
viruses.  
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Appendix 2.1 Trypan Blue Assay 
Materials & Equipment: 
Trypan Blue dye (0.4 %)  
Dropper 
Haemocytometer 
Microscope (Olympus) 
  Method: 
1. 400 µL of trypan blue was taken in a 2 mL microcentrifuge tube. 
2. 100 µL of cell suspension was added to the microcentrifuge tube to make 1:5 
dilution 
3. Using a dropper, few drops of mixture (trypan blue + cell suspension) was added 
to haemocytometer into the counting chambers.  
4. Unstained cells were counted as live cells while stained cells (blue) were dead 
cells.  
5. Cells were counted  under microscope and the cell count was performed as shown 
in Figure A.1 
6. Similarly 1:10 dilution was made by addition of 100 µL of cell suspension to 900 
µL of trypan blue. The cell count was performed for 1:10 dilution using the same 
procedure explained above. 
7. An average of cell counts of 1:5 and 1: 10 dilutions were taken.  
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Fig A.1 Calculations for counting cells in haemocytometer 
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Appendix 2.2 Protocol for Ethanol- Sodium acetate precipitation 
Materials & Equipment: 
3 M sodium acetate (NaOAc), pH 5.2 
95 % Ethanol 
70 % Ethanol 
Microcentrifuge 
 
Method: 
(1) For each sequencing reaction, 1.5 mL microcentrifuge tube containing 2 µL of 3 M 
sodium acetate and 50 µL of ethanol was taken. 
(2) The entire contents from sequencing reaction (50 µL) was transferred  to ethanol – 
sodium acetate mixture.  The contents in the microcentrifuge tube were mixed 
thoroughly. 
(3) The microcentrifuge tube was left at room temperature for 10 min to precipitate the 
extension products. 
(4) The contents in the tube were centrifuged for 20 minutes at 10285 g13000 rpm. 
(5) The supernatant was discarded. 
(6) The pellet was rinsed with 250 µL of 70 % ethanol. 
(7) The contents in the tube were centrifuged for 5 min at 10285 g 13000 rpm. 
(8) The pellet was dried at room temperature for 30 min. 
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Appendix 2.3 Preparation of LB (Luria-Bertani) broth 
Materials & Equipment 
1.0 % Tryptone 
0.5 % Yeast Extract 
1.0 % NaCl 
50 µg/mL of ampicillin 
pH meter 
 
Method 
1. For 1 litre, 10 g tryptone, 5 g yeast extract and 10 g NaCl was dissolved in 950 mL of 
RO water. 
2. The pH of the solution was adjusted to 7.0 with NaOH and the volume was brought 
upto 1 litre.  
3. The media was autoclaved (20 min at 15 psi) and the solution was cooled to 55 °C. 
4. 50 µg/mL of ampicillin was added to the solution and was stored at 4 °C. 
5. To prepare LB plates, 15 g/L bacteriological agar was added to solution before 
autoclaving. 
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Select for 
downloading 
or viewing 
reports 
Description Max 
score  
Total 
score  
E value  Max 
ident  
Accession 
1 Human adenovirus 41 
gene for long fiber 
protein, complete cds, 
strain: D30  
98.7 98.7 8e-18 97% gi|341603956|AB610544.1  
2 Human adenovirus 41 
gene for long fiber 
protein, complete cds, 
strain: D27  
98.7 98.7 8e-18 97% gi|341603950|AB610541.1  
3 Human adenovirus 41 
gene for long fiber 
protein, complete cds, 
strain: D26  
98.7 98.7 8e-18 97% gi|341603948|AB610540.1  
 
Appendix 2.4 Sequencing results of HAdV 41 
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Appendix 2.5  qPCR results of ICC PCR 
 
On Substitution of average Ct value of unknown sample (10.12) in equation, we get  
GEC in 1 µL of unknown sample is found to be = 5.13E+10 
Appendix 2.6 Cytopathic effects of HAdV 41 in BGMK cells 
 
A- 100 % confluent BGMK cells; B- Flask containing HAdV 41 after 24 hrs  
C- Negative control after 48 hrs; D- Flask containing HAdV 41 after 48 hrs 
Both negative control and flask showed similar behaviour, difficult to differentiate cytopathic 
effects in BGMK cells 
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Appendix 3.1 Dry weight determination of Biosolids 
Materials & Equipment 
 Ceramic crucibles of 25 mL size or 30 mL, 93 per sample) 
 Metal oven trays 
 2 measuring spoons 
 Balance (to measure weights to 2 decimal places) 
 Oven set at 105° C 
 Tray containing orange silica gel. 
Method 
1) Each crucible was labelled with marker pen (minimum of 3 replicates/ per sample) 
and was weighed to at least 2 decimal places. Crucible weight was then recorded. 
2) Each crucible was filled with fresh biosolids (10 g) in triplicates for each sample. 
3) Crucible must be wiped thoroughly outside to ensure that it is entirely free of sample. 
4) Crucibles were placed in a metal tray and put in an oven pre-heated to 105°C for 24 h.  
The oven was then turned off and the crucibles inside the oven are left until they reach 
near room temperature (about 1 h). After reaching room temperature their weights 
were recorded (total dry weight = crucible plus sample dry weight).  
5) Values of variables were assembled  
 Fresh weight of sample = fresh biosolids weight 
 Dry weight of sample = total dry weight (weight of crucible + dry biosolids) 
– weight of crucible 
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Appendix 3.2 Single Factor ANOVA results of decay rates of PAdV 3 in MS 1,2 and 3  
 
Appendix 3.3 Single Factor ANOVA results of decay rates of PAdV 3 and HAdV 41 in 
MS 3 
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Appendix 3.4 Linear regression analysis of PAdV in MS 1 
 
 
X Y Ln Y 
1 7.48E+10 25.03771 
7 5.7E+10 24.76616 
14 6.62E+10 24.91667 
28 1.43E+10 23.38326 
50 5.74E+09 22.47151 
63 1.84E+09 21.33177 
77 1.05E+09 20.76918 
112 4.15E+08 19.84266 
147 8.41E+08 20.55023 
1 6.49E+10 24.89576 
7 5.34E+10 24.70136 
14 5.71E+10 24.76856 
28 3.36E+10 24.23631 
50 5.18E+09 22.36866 
63 2.98E+09 21.81577 
77 7.33E+08 20.41223 
112 1E+09 20.72596 
147 66670664 18.01528 
1 6.47E+10 24.89268 
7 5.88E+10 24.79702 
14 5.91E+10 24.8025 
28 1.42E+10 23.37721 
50 6.8E+09 22.64091 
63 2.64E+09 21.69477 
77 2.2E+09 21.51333 
112 1.06E+09 20.78041 
147 4.32E+08 19.88473 
 
 
 
 
X= days 
Y= GEC per g DS 
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Linear regression analysis of PAdV 3 in MS 2 
   
   X Y Ln Y 
   1 2.58E+10 23.97399 
1 3.14E+10 24.16951 
1 3.36E+10 24.23672 
16 2.09E+10 23.76117 
16 1.72E+10 23.56565 
16 3.38E+10 24.24386 
28 3.91E+09 22.08619 
28 2.44E+10 23.91919 
28 1.63E+10 23.51593 
42 2.2E+10 23.81438 
42 2.52E+10 23.9488 
42 2.35E+10 23.88159 
56 2.73E+09 21.72635 
56 2.83E+09 21.76301 
56 2.79E+09 21.75079 
70 1.55E+09 21.16429 
70 1.63E+09 21.21317 
70 2.64E+09 21.69586 
98 8.65E+08 20.57878 
98 8.76E+08 20.591 
98 7.66E+08 20.45658 
112 3.89E+08 19.77854 
112 2.52E+08 19.34389 
112 3.18E+08 19.57788 
140 2.2E+08 19.21028 
140 2.97E+08 19.50859 
140 2.88E+08 19.47794 
   
 
 
 
X= days 
Y= GEC per g DS 
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Linear regression analysis of PAdV 3 in MS 3 
 
X       Y      Ln Y 
28 2.23E+10 23.82708468 
28 1.94E+10 23.68655468 
28 1.60E+10 23.49714468 
42 4.38E+09 22.20066103 
42 3.37E+09 21.93793103 
42 5.36E+09 22.40229103 
56 2.51E+09 21.64174753 
56 2.60E+09 21.67840753 
56 2.18E+09 21.50121753 
70 1.92E+09 21.37384551 
70 2.17E+09 21.49604551 
70 1.59E+09 21.18443551 
84 1.38E+09 21.04230988 
84 1.31E+09 20.99342988 
84 1.24E+09 20.93843988 
98 1.26E+09 20.95172495 
98 1.11E+09 20.82341495 
98 9.66E+08 20.68899495 
112 5.44E+08 20.1145215 
112 4.79E+08 19.9862115 
112 3.96E+08 19.7968015 
 
 
 
 
 
X= days 
Y= GEC per g DS 
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Linear regression analysis of HAdV 41 in MS 2  
X Y Ln Y 
28 2.09E+09 21.45919 
42 8.98E+08 20.61519 
112 1.22E+08 18.62011 
56 2.09E+09 21.45919 
70 1.53E+09 21.14586 
84 73993066 18.11948 
98 22012004 16.9071 
28 9.89E+08 20.7119 
42 1.19E+09 20.89651 
112 1.21E+08 18.60947 
56 2.58E+09 21.67135 
70 1.29E+09 20.97738 
84 3.48E+08 19.667 
98 2.54E+08 19.35318 
28 1.49E+09 21.12218 
42 8.69E+08 20.58281 
112 1.21E+08 18.60947 
56 2.14E+09 21.48415 
70 1.53E+09 21.14586 
84 36328821 17.40812 
98 22851755 16.94454 
 
 
 
 
 
X= days 
Y= GEC per g DS 
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Overall Linear regression analysis data of adenoviruses in MS 1, 2 and 3 
 
Appendix 4.1 Volatile solids content in simulations (MS 1, 2 and 3; LS 1 and 2) 
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